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(57) Abstract: An optica] fibre for transmitting light, said optical fibre 
having an axial direction and a cross section perpendicular to said axial 
direction, said optical fibre comprising: ( 1) a first core region comprising 
a first core material having a refractive index N co ,i; (2) a microstructured 
first cladding region surrounding the first core region, said first cladding 
region comprising a first cladding material and a plurality of spaced apart 
first cladding features or elements that are elongated in the fibre axial di- 
rection and disposed in the first cladding material, said first cladding ma- 
terial having a refractive index N cM and each said first cladding feature or 
element having a refractive index being lower than N^, whereby a resul- 
tant geometrical index N^ge,cl, 1? of the first cladding region is lowered 
compared to N cU ; (3) a second core region surrounding said first cladding 
region, said second core region comprising a second core material hav- 
ing a refractive index N,^, and (4) a second cladding region surrounding 
the second core region, said second cladding region comprising a second 
cladding material having a refractive index N c i >2 , wherein the first core 
material, the first cladding material and the first cladding features, the 
second core material, and the second cladding material are selected and 
arranged so that N co?l > Ng^i, N COt2 > N gejC i4, and N COt2 > N cU . 
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DUAL CORE PHOTONIC CRYSTAL FIBERS (PCP) WITH SPECIAL DISPERSION PROPERTIES 



5 DESCRIPTION 

1. BACKGROUND OF THE INVENTION 

The present invention relates to new designs of micro- 
10 structured fibers providing improvements with respect to 
dispersion compensation (including dispersion slope 
compensation) for fiber optical communication systems and 
with respect to non-linear optical fibers for applica- 
tions at near-infrared wavelengths. 

15 

The Technical Field 

The development of optical amplifiers operating in the 
1550 run wavelength band of optical communication has 

20 during the past ten years formed the basis for a tremend- 
ous development of wavelength division multiplexed op- 
tical communication systems typically operating in the 
wavelength interval from 1530 nm to 1610 nm - and rapidly 
expanding. These amplifiers have to a large degree 

25 removed the loss limitations of the optical communication 
links, and have paved the way for much longer transmis- 
sion spans operating at significantly higher transmission 
bit rates (having a much higher transmission capacity) . 
At the same time the development of optical fiber ampli- 

30 fiers at first had the result that systems originally 
developed to operate in the 1310 nm wavelength band could 
be upgraded to the 1550 nm band with significant advan- 
tages - provided that the dispersion limitations of these 
systems could be compensated in an efficient manner. 



35 
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To provide a picture of the possibilities and needs for 
dispersion compensation, it may be noted that when the 
bit rate is increased to 10 Gbit/s, the dispersion limits 
the transmission to around 50 km, which obviously raises 
5 the need for some sort of dispersion compensation- As 
described by Gruner-Nielsen et al., ECOC'2000, pp. 91-94, 
non-zero dispersion fibers (NZDF) seems to be the choice 
for future communication systems due to their low-dis- 
persion and low-non-linear penalties. For bit-rates of 10 

10 Gbit/s NZDFs will not need dispersion compensation before 
some hundred kilometres of transmission. However, in the 
future, when the bit rate increases to 40 Gbit/s, dis- 
persion compensation will be needed already after ap- 
proximately 5 kilometres for non-shifted fibers and after 

15 around 30 kilometres when NZDFs are used. 

It is noteworthy that today several different types of 
optical transmission fibre are installed with various 
dispersion properties. However, still a significant part 

20 of the installed optical fiber cables make use of non- 
shifted single-mode fibers, i.e. optical fibres with zero 
dispersion wavelength at 1310 nm and a dispersion of 
about 17 ps/km/nm at the wavelength of 1550 nm. The most 
established dispersion-compensation method today is the 

25 use of dispersion compensating fibers (DCFs) operating in 
the single-mode regime. The use of dispersion compensa- 
ting fibers was proposed by Lin, Kogelnik, and Cohen, 
Optics Letters, Vol.5, pp. 476-478, 1980. 

30 The first DCFs were step index fibers, where the zero 
dispersion wavelength was moved to wavelengths above 1550 
nm by increasing the core index and narrowing the core 
diameter (see Onishi et al., Electronics Letters, Vol. 
30, pp. 161-163, 1994, and Bjarklev et al., Optics Let- 

35 ters, Vol.19, pp. 62-64, 1994). These relatively simple 
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fiber designs allow for control of the dispersion value 
at a given wavelength, but they do generally not provide 
the possibility of simultaneous control of the dispersion 
slope value. 

5 

It could be argued that one of the ultimate limits for 
the dispersion compensating properties of this simple 
step index fiber design may be obtained for a very thin 
rod of a high index material placed in vacuum (the low- 

10 index cladding) . At this point it is relevant to refer to 
the recent development within the area of fiber optics, 
where a large interest has been pointed towards so-called 
microstructured fibers, also known as photonic crystal 
fibers, photonic band gap fibers, hole-assisted fibres 

15 and holey fibers. These are fibers providing a number of 
new properties that are of interest to a wide range of 
areas such as optical communications, sensor technology, 
spectroscopy, and medicine (see e.g. Broeng et al., 
Optical Fiber Technology, Vol. 5, pp. 305-330, 1999; 

20 Broeng et al., Optics Communications, Vol. 156, pp. 240- 
244, 1998; Broeng et al, Optics Letters, Vol. 25, pp. 96- 
98, 2000; WO 99/64903; WO 99/64904; WO 00/60390; Birks et 
al., Electronics Letters, Vol.31, pp . 1941-1943, October 
1995; Knight et al., Journal of the Optical Society of 

25 America, A., Vol. 15, pp. 748-752, March 1998; Knight et 
al., Optical Materials Vol. 11, pp. 143-151, 1999; US 
5,802,236; Monro et al., Journal of Lightwave Technology, 
Vol. 17, pp. 1093-1102, 1999; Ferrando et al., Optics 
Letters, Vol. 24, pp. 276-278, 1999; WO 00/06506) . The 

30 fibres are characterized by having a core surrounded by 
thin, parallel, voids/holes in a background material. The 
background material is most often a single material such 
as e.g. silica glass, and the voids/holes commonly 
contain air or vacuum, but they may also be filled with 

35 other glass materials, polymers, liquids, or gasses. 
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Depending on the application, the voids/holes may be 
periodically or randomly distributed, or they may be 
distributed in specially designed arrangements 
incorporating both periodic and non-periodic regions (see 
5 e.g. WO 99/64903; WO 99/64904; WO 00/60390; US 5,802,236, 
Monro et al., Optics Letters, Vol. 25, pp. 206-208, 
2000) . Now returning to the picture of a single rod of 
high-index material placed in vacuum, it should be noted 
that Birks et al. (in IEEE Photonics Technology Letters, 

10 Vol.11, pp. 674-676, 1999) argued that properties of 
photonic crystal fibers (PCFs) could be modelled by a 
silica rod in air. Such approximate calculations indicat- 
ed that the dispersion of PCFs could exceed -2000 
ps/km/nm - or they could compensate (to within + or - 

15 0.2%) of the dispersion of 35 times their length of 
standard fiber over a 100 nm wavelength range. 

As already mentioned, it is a disadvantage of the step- 
index fibers that they cannot perform simultaneous com- 

20 pensation of dispersion and dispersion slope, and it is a 
further disadvantage that very high index contrasts are 
needed (either obtained through high co-dopant levels or 
by placing single rods in air) . The high-index contrast 
step-index fibers also have to be designed with very 

25 narrow core dimensions in order for the fibers to be 
single-moded. Regarding non-linearity, this is a further 
disadvantage especially for systems operating at 4 0Gb/s 
or higher. 

30 After now having discussed the simplest approach of ob- 
taining dispersion compensation in standard optical 
fibers and in photonic crystal fibers, it is useful to 
look at the further development of standard technology 
DCFs. As we already have mentioned, one of the key limi- 

35 tations to the simple step-index design was the lack of 
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simultaneous control of dispersion and dispersion slope. 
One may argue that this limitation simply is due to a 
quite limited number of design parameters (for a step- 
index fiber only the core-cladding refractive index dif- 
5 f erence and the core radius may be selected) . The ap- 
proach in obtaining more design flexibility dates back to 
the early days of standard fiber technology, and dis- 
persion modification techniques were already studied in 
the early 1980' ies (see e.g., Monerie, IEEE Journal of 

10 Quantum Electronics, Vol.18, pp. 535-542, 1982), where 
double-clad designs (also known as W-fibers) were eval- 
uated. Fibers of this double-clad type also have equi- 
valents realised by photonic crystal fiber technology, 
and these microstructured fibers have also been explored 

15 for dispersion compensating applications. The first mi- 
crostructured fibers for such applications were disclosed 
by DiGiovanni et al. (see EP 0 810 453 and US 5,802,236). 
DiGiovanni et al. discussed how microstructured fibers 
with a cladding divided into two regions could provide 

20 improved dispersion characteristics compared to conven- 
tional fibers. DiGiovanni et al. used microstructured 
fibers with an inner, microstructured cladding region 
having a lower effective refractive index compared to an 
outer, microstructured cladding region to obtain a dis- 

25 persion of more than -1500 ps/nm/km. 

The fibers disclosed by DiGiovanni et al. comprise a 
single core region (preferably in the centre of the 
fiber), and it is stated in US 5,802,236 that "In gene- 

30 ral, the microstructure cladding features should be dis- 
posed such that the cladding region does not contain any 
matrix regions of extend in the x-y plane sufficient to 
act as a secondary core, i.e. to support a propagating 
radiation mode' 7 . The present inventors have, however, 

35 realised that it is advantageous to design microstructur- 
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ed fibres that have at least one region that can support 
one or more propagating modes other than the mode(s) 
supported in the central core region. Hence, such a 
region (that has larger dimensions than the central core 
5 and an effective refractive index higher than (N 0 +N c )/2, 
where N 0 is the core refractive index and N c is the 
effective refractive index of the cladding) that may act 
as a second core is preferred. In fact, the present 
inventors have realized that coupling between a mode in 

10 the central core region and a mode in the second core is 
highly advantageous for microstructured optical fibers 
with special dispersion properties. It is further 
important to notice that the fiber may be operated to 
guide light only in a single of the cores - preferably 

15 the central core. This desired mechanism may also be 
described as avoided "crossing" of the core modes, as 
shall be discussed at a later stage in the detailed 
description of the invention. 

20 It should at this point be noted that strong dispersion . 
compensation generally is obtained by spectrally shifting 
the effective refractive index of the guided mode(s). 
This requires refractive index profile control on a sub- 
wavelength scale, and the effect is closely related to 

25 the spatial redistribution of the optical mode as a func- 
tion of wavelength. When this spatial redistribution of 
the guided mode takes place in a W-fiber design, the 
guided mode shifts (for increasing wavelengths) from the 
high index core to the cladding. This is an effect that 

30 generally ties the dispersion compensating effect strong- 
ly together with a strong leakage loss and macro bending 
loss sensitivity very near the desired wavelength for 
dispersion compensation. Consequently, W-designs have to 
be made for an extremely narrow selection of production 

35 parameters, and this fiber design, therefore, becomes 
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less attractive than designs, where the spatial distri- 
bution of optical power is shifted within guided regions 
of the fiber core. This is also the reason why standard 
fiber technology generally utilises triple-cladding de- 
5 signs for dispersion compensation (see e.g., Vengsarkar 
et al., OFC'93, San Jose, USA, Febr. 21-26, 1993, Post 
deadline paper PD13; Antos, and Smith, IEEE Journal of 
Lightwave Technology; vol.12, pp. 1739-1745, 1994; 
Vengsarkar et al., OFC'94, paper ThK2, pp. 222-227, 1994; 
10 Onishi et al . , ECOC'94, pp. 681-684 , 1994 ; Akasaka et al., 
OFC'96, paper ThA3, pp. 201-202,1996). These designs have 
several advantages over the step index design - among 
others is negative dispersion slope to provide partly or 
full dispersion slope compensation. 

15 

Using standard fiber technology, triple-cladding designs 
have a narrow high-delta core (i.e. highly doped to ob- 
tain a large refractive index difference compared to pure 
silica) surrounded by a deeply depressed cladding fol- 

20 lowed by a raised cladding (we here mention the different 
elements in an order starting at the centre of the fiber 
cross-section and stepping outwards in radial direction) . 
The third cladding layer is generally made of pure sili- 
ca. It should also be noted that in order to suppress 

25 higher-order mode guidance (lowering the cut-off wave- 
length of the DCF) an additional depressed cladding layer 
is often introduced between the raised cladding layer and 
the outermost cladding. However, for simplicity (and 
because its influence on the fundamental mode properties 

30 often are limited) this fourth cladding layer is often 
not discussed in large detail. 

As we have discussed with the more simple standard fiber 
designs, also triple-cladding design equivalents using 
35 microstructured - or PCF - technology have been con- 
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sidered by Fajardo et al. WO 00/16141. Fajardo et al. 
describe an optical waveguide in which the density and 
thus the effective refractive indices of the cladding 
layer is caused to change in a pre-selected way axially 
5 along the fiber. The axial change in density of the clad- 
ding layer is due to the fraction of the cladding volume 
that is air or a glass composition different -from that of 
the base cladding glass. Fajardo et al. argue that the 
axial variation in clad indices changes the signal mode 
10 power distribution, thereby changing key waveguide fiber 
parameters such as magnitude and sign of dispersion, cut- 
off wavelength and zero dispersion wavelength along the 
fiber length. 

15 It is a disadvantage of the dispersion compensating 
fibers using standard fiber fabrication techniques (i.e., 
fibers fabricated from doped silica) that limited dopant 
levels (given by internal stress, material deposition 
efficiencies etc.) does not provide as large (negative) 

20 dispersion values as other competing techniques. It is a 
further disadvantage that standard single-mode DCFs typi- 
cally have significantly smaller spotsize values than the 
transmission fibers, whose dispersion they are to compen- 
sate. The spotsize mismatch generally leads to signifi- 

25 cant coupling losses, and/or complicated splicing tech- 
niques including intermediate fibers, special techniques 
of material diffusion control etc. 

When a DCF is used for discrete compensation at the ter- 
30 minal sites, one of the drawbacks of DCFs is that the 
total link attenuation is increased. The added atten- 
uation must be compensated with additional gain in ampli- 
fiers, which degrades the signal-to-noise ratio and in- 
creases the cost of the system. To minimise this problem, 
35 the DCF should have as high a negative dispersion, D DC f, 
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as possible and as low attenuation, (Xdcf/ as possible. 
Therefore, a figure of merit (FOM) for dispersion compen- 
sating fibers may be defined as the numerical value of 
D DC f/ocdcf- Typical FOM values of presently employed DCFs is 
5 around 2O0ps/nm/dB, where the attenuation is around 
0.5 dB/km and the dispersion is around -100 ps/nm/km. 
Hence, for a fiber according to the present invention 
providing a dispersion of -400ps/nm/km or more negative, 
loss issues are less restricting than for conventional 

10 DCFs - or DCFs according to the present invention may 
provide higher FOM for similar loss levels. For a dis- 
persion compensating fiber according to the present 
invention that provides for example a dispersion of - 
1000 ps/nm/km or more negative, an improved FOM may be 

15 achieved for fiber attenuation of up ro 5dB/km compared 
to conventional DCFs. 



It should be noted that dispersion compensating fibers 
fabricated in large-scale production using standard fiber 

20 technology normally are designed to have a dispersion of 
about -100 ps/km/nm at the wavelength of 1550 run - and 
having FOM in the order of 200 ps/nm/dB (see e.g., 
Gruner-Nielsen et al. ECOC'2000, Munich, pp. 91-94) . 
However, more negative dispersion values may be obtained 

25 - still having good FOM values, and as an example the 
work of Knudsen et al., LEOS'2000 annual meeting, Paper 
TuZ2, pp. 338-339 may be mentioned. This works 
demonstrated a dispersion of -190 ps/km/nm for a FOM of 
307 ps/nm/dB at 1550 nm. 

30 

Considering the background of dispersion compensation 
through the use of specially designed fibers it also 
becomes relevant to examine the dispersion compensating 
fibers described by Thyagarajan et al., IEEE Photonics 
35 Technology Letters, Vol.8, pp. 1510-1512, 1996. In this 
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letter, Thyagarajan et al. describe how very large nega- 
tive dispersion values (as low as -5100 ps/km/nm) are 
predicted for fibers consisting of two concentric cores. 
The desired dispersion compensation is obtained using a 
5 centrally placed high-index core (from 2-2.5% relative 
refractive index difference) and a ring shaped core, 
chosen independently so that each of the cores supports a 
single azimuthally symmetric propagating mode at a wave- 
length of 1550 nm. The idea described by Thyagarajan et 

10 al. is that the two-core fiber design then will support 
two azimuthally symmetric modes (similar to two so-called 
super modes of a directional coupler) , and that these 
modes are nearly phase matched at 1550 nm. Close to this 
phase matching wavelength, the mode index of the com- 

15 posite core fiber changes rapidly due to a strong cou- 
pling between the two individual modes of the inner core 
and outer core. Due to a strong refractive index asym- 
metry between the two cores, there is a rapid change in 
the slope of the wavelength variation of the fundamental 

20 mode index (of the composite structure) leading to a 
large dispersion around 1550 nm. A fiber of this dual 
concentric core type has been fabricated, and dispersion 
results as low as -1800 ps/km/nm at the wavelength of 
1550 nm has recently been presented by Auguste et al., 

25 IEE Electronics Letters, Vol. 36, pp. 1689-1691, 2000. 
Also in this work the functionality of the fiber is 
described through the coupling between two super modes - 
one of the super modes having a large negative dispersion 
and the other having a large positive dispersion - and 

30 light being guided through the fiber only in the super 
mode having negative dispersion. Note also that fibers of 
this type has been further described by Auguste et al., 
Optics Communications, Vol. 178, pp. 71-77, 2000, where 
the influence of a central dip - generally present in 

35 fibers fabricated by the modified chemical vapour deposi- 
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tion (MCVD) method - is studied and demonstrated to be of 
importance. Considering these dual concentric core fiber 
designs, it is important to note that the fiber propaga- 
tion properties also may be interpreted by a more ordi- 
5 nary mode description using linearly polarised (LP) modes 
in optical fibers. If we look at the dual concentric core 
designs from this point of view, we find that the LP 0 i 
mode (representing one of the previously mentioned super 
modes) shows a strong negative dispersion. At the same 

10 time, the LP02 mode (representing the other of the pre- 
viously mentioned super modes) shows a strong positive 
dispersion, and more important - the fiber supports 
guidance of the LP 0 2~ttiode. Looking closer at the fiber 
designs presented by Thyagarajan et al., one also finds 

15 that the LPn mode is strongly guided by the fiber struc- 
ture . 

It may be a disadvantage of the dual concentric core 
designs fabricated by standard fiber technology that the 

20 fibers strongly guide several modes. It is a further dis- 
advantage of the dual concentric core designs fabricated 
by standard fiber technology that very high co-dopant 
concentrations generally are needed, since it may result 
in highly increased fiber attenuation, and moreover, it 

25 is difficult to maintain a homogeneous, and reproducible 
dopant level. The latter issue is indicated by Auguste et 
al. (Optics Communications, Vol. 178, pp. 71-77, 2000), 
where it is described how the well known central index 
dip in MCVD fabricated fibers may introduce strong varia- 

30 tions in the spectral location of the dispersion peak 
(more than 100 nm shifting was reported) . It is yet a 
further disadvantage of the standard technology dual con- 
centric core fibers that the limited index contrast in 
doped glass technology makes it necessary to operate with 

35 ring shaped cores of rather wide outer radii (fibers pre- 
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sented by Thyagarajan et al. and Auguste et al . have 
radii of the outermost core near 20 microns) - This leads 
to a strongly spatially extended fundamental mode field 
for wavelengths above 1550 nm, which eventually may re- 
5 suit in significant macro-bending sensitivity. 

High dopant levels are not necessary in PCFs, because 
index contrast may be obtained through microstructuring. 
Therefore , the parameter sensitivity may be reduced, and 
10 fibers with different guiding properties between the 
guided and higher order modes may be obtained (mode dis- 
crimination is possible) . 

Through a wider range of design possibilities using PCF 
15 technology, we may solve the bending loss problem, and at 
the same time obtain a larger negative dispersion. 

It is an object of the present invention to provide im- 
proved designs and design parameters for microstructured 

20 fibers employed for dispersion compensating applications 
(including dispersion slope compensation) . The improve- 
ments relates to strong dispersion, control of dispersion 
slope, low bending losses, large mode-field diameters, 
lower sensitivity on parameter fluctuations - allowing 

25 better reproducibility compared to prior art fibers, and 
lower requirements on doping levels, of silica. 

Photonic crystal fibres (PCFs) having multiple cladding 
layers have been described by Hasegawa et al. in 

30 EP 1 118 887 A2. Hasegawa et al. claim an optical fiber 
including a core region and cladding regions of not less 
than three layers, which surround the core region in 
order, wherein at least one of the cladding regions has 
lower mean refractive index than both adjacent cladding 

35 regions, and at least one cladding region is provided 
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with a plurality of sub medium regions each having a 
refractive index lower than a main medium constituting 
this cladding region. 

5 The present inventors have, however, realised that it is 
advantageous to design microstructured fibers that have 
at least one region that can support one or more propaga- 
ting modes other than the mode(s) supported in the cen- 
tral core region. 

10 

It is a disadvantage of the fibers described by Hasegawa 
et al. that they do not include such a region that may 
act as a core in its own right supporting a propagating 
mode, since it may limit the possible magnitude of the 
15 obtainable dispersion. 

Furthermore, the present inventors have realised that it 
may be advantageous not to have a cladding region with a 
lower effective refractive index than two adjacent clad- 
20 ding regions. In fact the present inventors have realised 
that it is an advantage to have a region with a higher 
effective refractive index than two adjacent cladding - 
such a region is here termed "second core". 

25 The fibres disclosed by Hasegawa et al. exhibit a negati- 
ve dispersion of around -200 ps/km/nm, whereas the micro- 
structured fibers disclosed by the present inventors pro- 
vides negative dispersion in excess of -10000 ps/nm/km. 

30 In the patent application by Hasegawa et al., it is given 
that the mean refractive index n 3 of the outer cladding 
region obeys the relation n 2 >n 3 , where n 2 is the refrac- 
tive index of the second inner cladding. Hasegawa et al. 
obtains this relation by incorporating low-index features 

35 in cladding region 3. This is in contrast to a number of 
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preferred embodiments of the present invention, where the 
outer cladding consists of a homogeneous material. 

5 SUMMARY OF THE INVENTION 

In a first aspect, the present invention relates to an 
optical fiber having an axial direction and a cross 
section perpendicular to said axial direction. 

10 

The optical fiber has negative dispersion in the vicinity 
of a predetermined wavelength. The optical fiber is 
characterised by a number of regions: 

15 1) a first core region being positioned substantially in 
a center of the optical fiber, the first core region 
comprising a first core material of refractive index, 
N co ,i- In the present context, "positioned substantially" 
means that it is desired to have the first core placed in 

20 the center, but manners of production may introduce minor 
structural deviations such that a center of the first 
core region and a center of the whole optical fiber may 
not coincide. Also, the optical fiber may have a non- 
circular outer shape in the cross section, making the 

25 definition of a center of the optical fiber less 
stringent. In the case of a non-circular outer shape, the 
center is determined as the center-of-gravity of a two- 
dimensional element with the same outer shape as the 
optical fiber. 

30 

2) a first cladding region surrounding the first core 
region, the first cladding region comprises a multi- 
plicity of spaced apart first cladding features that are 
elongated in the axial direction and ' disposed in the 
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first cladding material, said first cladding material 
having a refractive index N c i,i; 

3) a second core region surrounding the first cladding 
5 region, the second core region comprising a second core 

material of refractive index, N co ,2, and the second core 
region having a substantially annular shape in the cross 
section. Since the interface between the inner cladding 
and the outer core may be an interface where at least on 

10 one side there is a microstructure (the inner cladding 
region) , the interface may not necessarily be seen as a 
smooth interface (e.g. in the case of the two regions 
having identical background refractive indices) . There- 
fore, the shape of the outer core region may not neces- 

15 sarily be a viewed as a smooth ring-like shape - hence 
the wording "substantially annular shape"; 

4) a second cladding region surrounding the second core 
region, the second cladding region comprising a second 

20 cladding material of refractive index, N c i,2f and the 
second cladding region having a substantially annular 
shape in the cross section. In the present context, the 
wording "substantially annular shape" is used for the 
same reasons as discussed above. 

25 

Typically, the predetermined wavelength is in a range 
from 1.3 pm to 1.7 pm, such as from around 1.5 \xm to 
1 . 62 ]im. 

30 In a preferred embodiment, the optical fiber has a higher 
refractive index in the first core region than in the 
second core region. 

In another preferred embodiment, the optical fiber has 
35 identical refractive index in the first core region and 
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in the second core region. This allows for example to 
manufacture the fiber in a single material, such as e.g. 
pure silica. 

5 In a preferred embodiment, the optical fiber has a lower 
refractive index in the first core region than in the 
second core region. This allows for example to have a 
very large mode field diameter. 

10 In another preferred embodiment, the first cladding 
region has a substantially annular shape in the cross 
section. The wording "substantially" being used for the 
same reasons as previously discussed. 

15 In another preferred embodiment, the optical fiber has a 
first inscribed core diameter, D co ,i, being larger than 3 
times said predetermined wavelength, such as larger than 
5 times said predetermined wavelength, such as larger 
than 7 times said predetermined wavelength, such as 

20 larger than 10 times said predetermined wavelength. 

In another preferred embodiment, D co ,i is in the range 
from 4 vim to 25 pm, such as in the range from 4.0 p to 
5.0 pm, such as in the range from 5.0 pm to 6.5 pm, such 
25 as in the range from 6.5 pm to 10.0 p'm, such as in the 
range from 10.0 pm to 25.0 pm. 

In another preferred embodiment, the first core region 
has a varying refractive index profile, said varying 
30 refractive index profile having a highest refractive 
index equal to N co ,i, and said varying index profile being 
characterised by an D-profile, where □ is in the range 
from 0 to 100, such as □ equal to 2, 3 or higher. 
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In another preferred embodiment, the second core region 
is a homogeneous region. 

In another preferred embodiment, the second core region 
5 is microstructured. This increases the effective 
refractive index ranges that are available for the second 
core region without the use of doping. 

In another preferred embodiment, the microstructured 
10 features in the second core are positioned substantially 
circularly symmetric with respect to a center of said 
first core region. This is preferred in order to lower 
polarisation mode dispersion (PMD) in the fiber. 

15 An optical fiber according to any one of the preceding 
claims, wherein said second core features are arranged in 
a single layer surrounding said first core region, such 
that a distance from a second core feature to a center of 
said first core region is substantially identical for all 

20 second core features. This is preferred in order to lower 
PMD, and further preferred for ease of fabrication. 

In another preferred embodiment, the second core features 
are arranged in two or more layers surrounding said first 
25 core region. This is preferred to reduce bending losses. 

In another preferred embodiment, the number of second 
core features is equal to or larger than 6, such as equal 
to or larger than 18. A high number is preferred to 
30 modify the effective refractive index of the second core 
region. 

In another preferred embodiment, the second core features 
have a diameter D CO/ 2 and a center-to-center spacing 
35 between nearest second core features of A co ,2, and 
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Dco,2/Ac 0|2 is in the range from 0.01 to 0.5, such as from 
0.1 to 0.2. Generally, the microstructured features in 
the second core should be relatively small in order to 
ensure the possibility of the second core to support a 
5 limited number of modes. 

In another preferred embodiment , D COf2 is in the range 
from 0.1 pm to 5 pm. Typically, this is the design param- 
eter range that provides strongest dispersion. 

10 

In another preferred embodiment, 7JA COt 2 is in the range 
from 0.2 pm to 20 pm. Typically, "this is the design 
parameter range that provides strongest dispersion. 

15 In another preferred embodiment, the first cladding 
features are positioned substantially circularly symme- 
tric with respect to a center of said first core region. 
This is preferred to lower PMD in the fiber. 

20 In another preferred embodiment, the first cladding 
features are arranged in a single layer surrounding said 
first core region, such that a distance from a first 
cladding feature to a center of said first core region is 
substantially identical for all first cladding features. 

25 This is preferred to lower PMD in the fiber. 

In another preferred embodiment, the said first cladding 
features are arranged in two or more layers surrounding 
said first core region. This is preferred to lower 
30 bending losses in the fibers and/or to provide stronger 
dispersion. 

In another preferred embodiment, the number of said first 
cladding features is equal to or larger than 3, such as 
35 equal to or larger than 6, such as equal to or larger 
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than 8, such as equal to or larger than 18. This range of 
numbers of features allows for tailoring of the bi- 
refringence of the fiber to a large degree. Higher 
numbers of features may be desired to provide low PMD for 
5 example through more circular symmetric feature ar- 
rangements. 

In another preferred embodiment, the first cladding fea- 
tures have a diameter D c i,i and a center-to-center spacing 

10 between nearest first cladding features of A c i,i, and 
D c i,i/Aci,i is in the range from 0.2 to 0.8, such as from 
0.4 to 0.6. To provide strong dispersion, relatively 
large features are required. Hence, the features should 
be large enough to provide a buffer region between the 

15 two cores. 

In another preferred embodiment, D c i,i is in the range 
from 0.1 pm to 10 Jim. Typically, this range provides the 
most attractive design parameter range in order to obtain 
20 strong dispersion for wavelengths around 1.55 ym. 

In another preferred embodiment, A c i,i is in the range 
from 0.2 pm to 20 pm. Typically, this range provides the 
most attractive design parameter range in order to obtain 
25 strong dispersion for wavelengths around 1.55 ]m. 

In another preferred embodiment, D c i,i/A c i f i is larger than 
Dc 0/ 2/A C o,2- This is preferred to ensure that the first 
cladding region acts as a buffer between the two cores. 

30 

In another preferred embodiment, the second cladding re- 
gion comprises a multiplicity of spaced apart second 
cladding features that are elongated in the axial 
direction and disposed in said second cladding material. 
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This provides further means for tailoring the dispersion 
properties of the fiber. 

In another preferred embodiment, second cladding features 
5 have a diameter D c i,2 and a center-to-center spacing 
between nearest second cladding features of Del, 2, where 
Dei, 2 Md ,2 is in the range from 0.01 to 0.5, such as from 
0.1 to 0.2. It is often preferred that these features are 
comparable to the features of the second core. It may be 

10 preferred that the second core is only weakly guiding or 
has a cut-off close to or around the operational wave- 
length. Hence the second cladding features may be 
preferred to have a limited size in order to not provide 
strong confinement for the second core - or alternatively 

15 not to provide confinement of a high number of modes in 
the second core. 

In another preferred embodiment/ D c i,2 is in the range 
from 0.1 p to 5 pm. In accordance with the above-stated 
20 preferred embodiment, this is preferred to have the 
second cladding features being comparable in size to the 
second core features. Similarly, it is further preferred 
that A c i /2 is in the range from 0.2 IB to 20 pin. 

25 In another preferred embodiment, Ad,i is larger than 
A c i,2. This is preferred in order to allow the first and 
second cladding regions to have the same background 
material, but the effective refractive index of the two 
regions to be different at a given wavelength, such as 

30 the predetermined wavelength. In particular, it is 
preferred to have A ci/ i larger or equal to 3Ad,2 as such a 
ratio may easily be realised using well known methods for 
fabricating microstructured fibers, such as methods 
employing stacking of capillary tubes. 



35 
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In another preferred embodiment, A c i,i is substantially 
identical to A c i,2- This may be preferred as similar 
pitches (i.e. center-to-center features spacing or lat- 
tice period in the case of cladding comprising periodic 
5 feature arrangements) often allow simple fabrication, 
thereby improving reproducibility of the fiber. 

In another preferred embodiment, D c i,i is larger than 
D c i /2 - This is preferred in order for the first cladding 
10 region to have a lower effective, refractive index than 
the second cladding. 

In another preferred embodiment, D c i,i/Aci f i and D c i /2 /A c i /2 
are substantially identical. This may be preferred as 
15 similar hole and pitch sizes provide the simplest fabri- 
cation, thereby improving reproducibility of the fiber. 

In another preferred embodiment, the optical fiber com- 
prises one or more glass materials. 

20 

In another preferred embodiment, the optical fiber com- 
prises silica. 

In another preferred embodiment, the optical fiber com- 
25 prises polymer. 

In another preferred embodiment, the first cladding fea- 
tures, second core features, and/or second cladding fea- 
tures are voids comprising vacuum, air, or another gas. 

30 

In another preferred embodiment, the optical fiber has a 
non-circular shape of the outer cladding, such as a non- 
polygonal shape, such as an elliptical shape. This may be 
advantageous for a range of reasons - for example for 
35 fibers with high birefringence (for example for handling 
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splicing issues), or to ensure bending in certain 
preferred directions. 

In another preferred embodiment, the outer shape has a 
5 predetermined orientation in the cross section, the 
predetermined orientation being determined from the 
position of said first cladding features. This may be 
preferred to further ensure bending in certain preferred 
directions with respect to the actual directions in the 
10 microstructure in and/or around the core region. Also for 
polarisation maintaining, dispersion compensating fibers 
-this is preferred. 

In another preferred embodiment, the first core region 
15 has a non-circular shape in the cross section, such as an 
elliptical shape. This is preferred to provide a high 
birefringence in the optical fiber. 

In another preferred embodiment, the first cladding 
20 region has a non-circular, inner shape in the cross 
section, such as an elliptical, inner shape, providing a 
high birefringence in the optical fiber. This is further 
preferred for polarisation maintaining, dispersion 
compensating fiber applications. 

25 

In another preferred embodiment, the optical fiber guides 
light at predetermined wavelength in a single mode. 

In another preferred embodiment, the optical fiber guides 
30 light at predetermined wavelength in a higher order mode. 
This is preferred as higher order modes may provide even 
stronger dispersion than the fundamental mode including 
the possibility of strong positive dispersion. 
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In another preferred embodiment, the invention covers an 
article comprising a module, where the module is employed 
for dispersion compensation in an optical communication 
system, and the module comprising an optical fiber 
• 5 according to 'the invention. 

In a second aspect, the present invention relates to an 
optical fiber having an axial direction and a cross 
section perpendicular to said axial direction. The opti- 
10 cal fiber has positive dispersion in the vicinity of a 
predetermined wavelength. The optical fiber is char- 
acterised by a number of regions: 

1) a first core region being positioned substantially in 
15 a center of the optical fiber, the first core region 
comprising a first core material of refractive index, 
N C0/ i. In the present context, "positioned substantially' 7 
means that it is desired to have the first core placed in 
the center, but manners of production may introduce minor 
20 structural deviations such that a center of the firsr 
core region and a center of the whole optical fiber may 
not coincide. Also, the optical fiber may have a non- 
circular outer shape in the cross section, making the 
definition of a center of the optical fiber less 
25 stringent. In the case of a non-circular outer shape, the 
center is determined as the center-of-gravity of a two- 
dimensional element with the same outer shape as the 
optical fiber. 

30 2) a first cladding region surrounding the first core 
region, the first cladding region comprises a multi- 
plicity of spaced apart first cladding features that are 
elongated in the axial direction and disposed in the 
first cladding material, said first cladding material 

35 having a refractive index N c i,i; 
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3) a second core region surrounding the first cladding 
region, the second core region comprising a second core 
material of refractive index, N co ,2/ and the second core 

5 region having a substantially annular shape in the cross 
section. Since the interface between the inner cladding 
and the outer core may be an interface where at least on 
one side there is a microstructure (the inner cladding 
region) , the interface may not necessarily be seen as a 
10 smooth interface (e.g. in the case of the two regions 
having identical background refractive indicos) . There- 
fore, the shape of the outer core region may not neces- 
sarily be viewed as a smooth ring-like shape - hence the 
wording "substantially annular shape"; 

15 

4) a second cladding region surrounding the second core 
region, the second cladding region comprising a second 
cladding material of refractive index, N c i, 2 / and the 
second cladding region having a substantially annular 

20 shape in the cross section. In the present context, the 
wording "substantially annular shape" is used for the 
same reasons as discussed above. 

In a preferred embodiment, the predetermined wavelength 
25 is in a range from 1.3 \m to 1.7 \m, such as from around 
1.5 pm to 1.62 )im. 

In another preferred embodiment, the optical fiber guides 
light at the predetermined wavelength in a higher-order 
30 mode. This is preferred as a higher order mode in a fiber 
according to the present invention may exhibit a very 
high positive dispersion or a very high negative dis- 
persion. 
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In a preferred embodiment, the present invention covers 
an article (this being a fiber optical communication 
system or parts thereof) that includes a module being em- 
ployed for dispersion compensation in an optical communi- 
5 cation system. The module comprises an optical fiber ac- 
cording to the present invention. 

In another preferred embodiment, the present invention 
covers an article that comprises a mode-converter that 
10 enables coupling from a conventional single. mode fiber to 
an optical fiber according to the present invention. 

Finally, it should be mentioned that the present 
invention covers both fibers that guide light by a 
15 modified version of total internal reflection as well as 
fibers that guide light by photonic band gap effects. 

Glossary and definitions 

20 For microstructures, a directly measurable quantity is 
the so-called "filling fraction" that is the volume of 
disposed features in a microstructure relative to the 
total volume of a microstructure. For fibers that are 
invariant in the axial fiber direction, the filling frac- 

25 tion may be determined from direct inspection of the 
fiber cross-section, e.g. using inspection methods known 
in the art. 

In this application we distinguish between "refractive 
30 index", "geometrical index" and "effective index". The 
refractive index is the conventional refractive index of 
a homogeneous material - naturally, this is also used to 
describe the refractive indices of the various materials 
themselves in a microstructured medium. The geometrical 
35 index of a structure is the geometrically weighted re- 
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fractive index of the structure. As an example, a micro- 
structure consisting of air features that occupy 40% of 
the structure (the air features themselves having a re- 
fractive index = 1.0) and a background material of silica 
5 (the silica background material having a refractive index 
« 1.45) has a geometrical index of 0.4x1.0+0.6x1,45= 
1.27. The procedure of determining the effective refrac- 
tive index, which for short is referred to as the effec- 
tive index, of a given micro-structure at a given wave- 
10 length is well-known to those skilled in the art (see 
e.g., Joannopoulos et al., "Photonic Crystals", Princeton 
University Press, 1995, or Broeng et al., Optical Fiber 
Technology, Vol. 5, pp. 305-330, 1999). 

15 Usually, a numerical method capable of solving Maxwell 7 s 
equation on full vectorial form is required for accurate 
determination of the effective indices of microstruc- 
tures. The present invention makes use of employing such 
a method that has been well documented in the literature 

20 (see previous Joannopoulos-ref erence) . In the long-wave- 
length regime, the effective index is roughly identical 
to the weighted average of the refractive indices of the 
constituents of the material, that is, the effective in- 
dex is close to the geometrical index in this wavelength 

25 regime. 

3. BRIEF DESCRIPTION OF THE DRAWINGS 

30 In the following, by way of examples only, the invention 
is further disclosed with detailed description of pre- 
ferred embodiments. Reference is made to the drawings in 
which: 
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Fig. la (prior art) shows schematically the refractive 
index profile of a conventional step-index fiber. 

Fig. lb (prior art) shows schematically the cross-section 
5 of an equivalent index-guiding photonic crystal fiber. 

Fig. 2a (prior art) shows schematically the refractive 
index profile of a conventional W-type fiber generally 
suggested for dispersion management. 

10 

Fig. 2b (prior art) shows schematically the cross-section 
of a microstructured fiber with two different air-void 
dimensions used to obtain an effective index profile of 
the W-type. 

15 

Fig. 3a (prior art) shows schematically the refractive 
index profile of a conventional triple-clad fiber of a 
type generally used for standard dispersion compensating 
fibers. 

20 

Fig. 3b (prior art) shows schematically the cross-section 
of a microstructured fiber with three different air-void 
dimensions used to obtain an effective index profile of 
the triple-clad type. 

25 

Fig. 4 (prior art) shows the effective index of micro- 
structures comprising air holes as a function of nor- 
malised wavelength for different air hole dimensions for. 

30 Fig. 5 (prior art) shows schematically the cross-section 
of a microstructured fiber for dispersion compensation, 
the fiber having a doped central core surrounded by an 
annular inner cladding section containing larger air 
holes than those used to form the microstructured outer 
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cladding; The fiber comprises further a high-index 
features in the center of the core. 

Fig. 6 (prior art) shows the effective mode indices of 
5 periodic outer cladding regions and of .a hypothetical 
honeycomb structures shown in Fig. 5 (representing the 
central fiber region) as a function of the normalised 
wavelength. Curves are shown for honeycomb structures 
with different air-hole dimensions. 

10 

Fig. 7 shows the effective mode indices of periodic outer 
cladding regions and of a hypothetical honeycomb struc- 
tures (representing the central fiber region) as a func- 
tion of the normalised wavelength. Curves are shown for 
15 different doping levels in the central core, and for dif- 
ferent honeycomb air-hole dimensions. 

Fig. 8 (embodiment) shows schematically the cross-section 
of microstructured fiber for dispersion compensation, the 

20 fiber having a doped central core surrounded by an an- 
nular inner cladding section containing larger air holes 
than those used to form the microstructured outer 1 clad- 
ding. Between the inner and outer cladding regions, a 
higher effective index is obtained in an annular segment, 

25 where air holes have been removed (compared to the outer 
cladding) . 

Fig. 9 shows a simulation of the mode indices for a fiber 
according to the present invention. 

30 

Fig. 10 shows a simulation of the dispersion of a disper- 
sion-compensating fiber according to the present inven- 
tion. 
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Fig. 11 shows the field distribution of the fundamental 
mode for a microstructured fiber according to the inven- 
tion. 

5 Fig. 12 shows schematically a fiber according to the 
present invention where the outer cladding is homogeneous 
and a) the outer core comprises high-index features or b) 
the outer core comprises an annular high-index region. 

10 Fig. 13 shows qualitatively the operation of a dispersion 
compensation fiber according to the present invention 
that may have large negative dispersion and low bending 
losses. 

15 Fig. 14 shows schematically a preferred positioning of 
low-index features in the inner cladding and of high- 
index features in the outer core with respect to each 
other. 

20 Fig. 15 shows schematically a fiber according to the 
present invention where the outer cladding is homogeneous 
and comprises a material different from the background 
material of the inner cladding and of the outer core. 
Typically, the outer cladding material has a lower re- 

25 fractive index than the background material of the inner 
cladding and of the outer core. 

Fig. 16 shows a simulation of the mode indices for 
another fiber according to the present invention. 

30 

Fig. 17 shows a simulation of the dispersion of a range 
of fibers according to the present invention. 

Fig. 18 shows a simulation of the wavelength of strongest 
35 negative dispersion and the corresponding hole spacing 
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for a range of fibers according to the present invention 
designed for operation around 1550 nm. 

Fig. 19 shows a simulation of the strongest negative dis- 
5 persion value of a range of fibers according to the 
present invention . 

Fig. 20 shows a simulation of the width of the dispersion 
"dip" of a range of fibers according to the present 
10 invention. 

Fig. 21 shows a simulation of the dispersion and relative 
dispersion slope for a fiber according to the present 
invention. 

15 

Fig. 22 shows a simulation of the dispersion and relative 
dispersion slope for another fiber according to the pre- 
sent invention. 

20 Fig. 23 shows a simulation of the dispersion and relative 
dispersion slope for yet another fiber ' according to the 
present invention. 

Fig. 24 illustrates the operation of another fiber ac- 
25 cording to the present invention. The figure illustrates 
the possibility of using higher order modes in the cen- 
tral core for dispersion compensating applications for 
fibers according to the present invention. 

30 Fig. 25 shows a schematic example of another fiber ac- 
cording to the present invention. 

Fig. 26 illustrates the operation of a fiber according to 
the present invention having an outer core with the same 
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refractive index as the refractive index of the inner 
cladding region. 

Fig. 27 illustrates the operation of a fiber according to 
5 the present invention being comparable to the fiber in 
the previous figure, but with a larger size of the outer 
core . 

Fig. 28 shows a simulation of the dispersion and the ef- 
10 fective area of the fiber of the previous figure. 

Fig. 29 shows a simulation of the dispersion and the 
effective area of a fiber according to the present inven- 
tion having a high-index core not being in contact with 
15 the inner cladding. 

Fig. 30 shows a comparison of the effective area of the 
fibers in the two previous figures. 

20 Fig. 31 shows a comparison of the dispersion of the 
fibers in Fig. 28 and 29. 

Fig. 32 shows schematically the cross-section of a micro- 
structured fiber for dispersion compensation, the fiber 

25 has a core with a doped feature, the. core being sur- 
rounded by an annular inner cladding section containing 
more closely placed air holes than those used to form the 
microstructured outer cladding. Between the inner and ou- 
ter cladding regions, a higher effective index is ob- 

30 tained in an annular segment, where air holes have been 
removed (compared to the outer cladding) . 

Fig. 33 shows schematically the cross-section of a micro- 
structured fiber for dispersion compensation, the fiber 
35 having a core with a doped portion and the core is sur- 
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rounded by an annular inner cladding section containing 
more closely placed air holes than those used to form the 
microstructured outer cladding. Compared to the previous 
figure, additional air holes have been removed in the 
5 outer core region. 

Fig. 34 schematically shows the cross-section of a micro- 
structured fiber according to the invention, in which the 
outer core comprises high-index features. 

10 

Fig. 35 schematically shows the cross-section of a micro- 
structured fiber according to the invention, in which the 
outer core comprises a single annular feature with a 
higher refractive index than the outer cladding back- 
15 ground material. 

Fig. 36 schematically shows the cross-section of a micro- 
structured fiber according to the invention, in which the 
outer cladding is formed by air holes placed in concen- 
20 trie circles. 

Fig. 37 schematically shows the cross-section of a micro- 
structured fiber according to the invention, in which the 
outer cladding is formed by air-holes placed in concen- 
25 trie circles, and where the inner cladding is formed by 
air holes of a non-circular cross section, a) Four glass 
segments are used to keep the central part of the fiber 
in place, b) Three glass segments are used to keep the 
central part of the fiber in place. 

30 

Fig. 38 shows schematically the effective index variation 
of microstructures that may be utilised for realising 
fibers according to the present invention with a core 
comprising material with a maximum refractive index being 
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lower than a highest refractive index of any material in 
the remainder of the fiber. 

Fig. 39 schematically shows the cross-section of a micro- 
5 structured photonic band gap fiber according to the 
invention. A honeycomb-structured cladding has been used, 
and the core is formed by an additional hole. Surrounding 
the central hole is a doped region. 

10 Fig. 40 schematically shows the cross-section of a micro- 
structured photonic band gap fibre according to the 
invention. The fiber contains an annular ring with a 
number of additional air holes placed to enhance the 
dispersion compensating properties of the PBG fiber, and 

15 the outer core comprises small low-index features. 

Fig. 41 illustrates the effective index of a band gap 
guided mode in a fiber structure according to the inven- 
tion. 

20 

Fig. 42 shows a simulation of the inverse group velocity 
dispersion that may be obtained for fibers according to 
the present invention. 

25 Fig. 43 shows microscope pictures of a real fiber accord- 
ing to the present invention. The figure further shows 
the dispersion characteristics of the fiber at wave- 
lengths around 1550 nm. 

30 Figs. 44a-44c show microscope pictures of another real 
fiber according to the present invention. The figure 
further shows the dispersion characteristics of the fiber 
at wavelengths around 1550 nm. 
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Figs. 45a-45c show another example of a real fiber 
according to the present invention. 

Figs. 4 6a-4 6b provide a schematic example of a fiber 
5 according to the present invention. 

Figs. 47a-47b provide a similar schematic example. 

10 4. DETAILED DESCRIPTION 

In Fig. la, the index profile of standard step-index fi- 
ber design according to prior-art is illustrated. In this 
type of fiber design, the core region 101 is generally 

15 formed by a narrow circular section, which is strongly 
co-doped by germanium to provide the raised index in 
comparison with the surrounding cladding region 102. It 
should, however, be noted that the fiber also may be re- 
alised by an un-doped (pure silica) core surrounded by a 

20 doped cladding region (typically F-doped silica) . The de- 
sign also includes a thin solid rod of glass placed in 
air (or vacuum) or even another lower index material com- 
pared to the core glass. In Fig. lb, the equivalent mi- 
crostructured fiber is shown schematically. In this rea- 

25 lisation, an un-doped core 103 is surrounded by a clad- 
ding 104 that is formed by placing air holes 105 - or 
voids - in a silica background material. This realisation 
of the cladding provides an average refractive cladding 
index, which is lower than the refractive index of the 

30 core. The inscribed, dashed circle 106 in Fig. lb indi- 
cates one division between the core region and the 
cladding region - defining the core diameter, D co , as the 
inscribed diameter. 
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In Fig. 2a, the refractive index profile of a prior art 
fiber of the so-called w-profile type is illustrated. 
This type of refractive index is characterised by a core 
201 - typically formed by an index raised by germanium 
5 co-doping. The core is surrounded by a depressed (typi- 
cally through flour co-doping) cladding region 202, and 
this inner cladding region is surrounded by an outer 
cladding 203, which typically is realised in pure silica. 
As described in the background description of the inven- 
10 tion, these fibers operate by a spectrally dependent ef- 
fective mode index, which is related to spectrally depen- 
dent power redistribution of the fundamental mode. 

Fig. 2b (prior art) illustrates an example of a micro- 
structured fiber realised to form an equivalent to the W- 
profile fiber of standard technology. Here, the core is 
formed by a solid core region 204 surrounded by an inner 
cladding region 205 in which air holes 206 is placed. 
Since the air holes 206 of the inner cladding region have 
a larger cross section than the air holes 208 of the 
outer cladding 207, the effective index of the inner 
cladding becomes smaller than that of the outer cladding. 
Generally, this type of W-profile fiber will show 
significant macro-bending losses near the wavelength 
where a significant negative dispersion is obtained. 

In Fig. 3a (prior art), the index profile of a triple- 
cladding standard optical fiber for dispersion 
compensation (DCF) is illustrated. A DCF of this type has 
30 a narrow highly-doped core 301 (typically germanium is 
used as index raising dopant) surrounded by a depressed 
cladding 302 (typically flour-doped to refractive index 
levels in the order of -0.5 %) This germanium doping in 
the central part of the fiber may typically result in an 
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increase of the refractive index of 2-3 % using rather 
narrow core radii in the order of 1-2 ym. The highly do- 
. ped core is favourable as it enables a high negative dis- 
persion, but the drawback is increased attenuation (as 
5 described by Gruner-Nielsen et al., ECOC'2000, pp. 91-94). 
The depressed cladding decreases the dispersion and is 
necessary to obtain negative dispersion slope around 1550 
ran. Another index ring 303 with raised index compared to 
the cladding is often introduced to improve bending pro- 
10 perties, but the refractive index is normally not raised 
much above 0.5 '%, since a high index value will lead to 
multimode operation of the fiber. Outermost the fiber has 
a pure silica cladding 304. 

15 Fig. 3b (prior art) illustrates the transversal cross 
section of a microstructured optical fiber designed to 
make use of similar (but enhanced) properties compared to 
standard fiber technology. The illustration shows the 
core 305 formed by a solid material. The core is sur- 

20 rounded by an inner cladding 306 in which air holes 
having relatively large cross sections 307 are placed to 
form an effective depressed cladding. The inner cladding 
is, furthermore, surrounded by a second region 308 in 
which small air holes 309 are placed to form a higher ef- 

25 fective index compared to that of the inner cladding re- 
gion 306. Finally, the waveguide consist of an outermost 
cladding 310 in which air holes 311 of a medium size 
(compared to those of the inner regions) are placed. 

30 It should be noted that we throughout this description 
generally will assume that the basis material is silica 
or doped silica, since this is the most commonly used 
material for fabrication of optical fibers. However, the 
principles and ideas behind the invention is not limited 
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to these material combinations, and it may for future 
applications, where new spectral ranges of the optical 
fiber technology is explored, be more advantageous to use 
different material compositions, such as (but not limited 
5 to) different compound glasses (e.g. chalcogenide) , poly- 
mers and/or low-melting point glasses. 

Microstructured fibers are generally divided into two 
types depending on the physical mechanism responsible for 

10 the light guidance: index-guiding microstructured fibers 
are characterised by a core having a higher refractive 
index than a surrounding cladding region (as known from 
conventional optical fibers), and photonic band gap 
micro-structured fibres are characterised by a core 

15 having effectively a lower refractive index than a 
surrounding cladding region having periodically dis- 
tributed features (see Broeng et al, Optical Fiber 
Technology, Vol. 5, pp. 305-330, 1999 for a presentation 
of the classification of the two groups) . While the 

20 physical mechanism causing the waveguidance in the two 
types of microstructured fibers is different, the 
improvements disclosed by the present inventors relate to 
both types of microstructured fibers. 

25 In Fig. 4 (prior art) is depicted how the effective index 
of the fundamental space filling mode (the "effective 
refractive index"), (5/k, of a periodic structure varies 
with the normalised wavelength, X/A. Here X is the free 
space wavelength of light, A is the distance between the 

30 centres of two nearest neighbouring air holes, (3 is the 
propagation constant and k is the free space wave-number, 
all of which are well known by those skilled in the art. 
The periodic structure consists of circular air holes 
(the refractive index of air is 1.0 in the calculations) 
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placed on a triangular lattice on a silica background 
(the refractive index of silica has been approximated by 
a refractive index of 1.45). Three curves are shown: the 
curve at the top 401 is for a periodic structure where 
5 the air holes are placed in a triangular lattice (also 
known as close-packed arrangement) and have a diameter, 
d, of 0.2A, where A is the lattice period (equal to the 
center-to-center of the air holes for the triangular lat- 
tice) . The curve 402 is for a similar structure but with 

10 d=0.3A, while the curve at the bottom 403 is for a sim- 
ilar structure but with d=0.5A. Notice that the effec- 
tive refractive index is low and not strongly dependent 
on the wavelength when the wavelength, X, is large com- 
pared to the structural size (symbolised by A) . It is 

15 known from the prior art that a low refractive index of 
the cladding is an advantage if strong dispersion compen- 
sation is desired. 

If a photonic crystal fiber (PCF) with a silica core re- 
20 gion (see Fig. lb), surrounded by a periodic cladding 
region (such as the ones for which effective indices have 
been calculated as shown in Fig. 4) is to be used as a 
dispersion compensating fiber one may, therefore, assume 
that an inner cladding region with a small pitch, com- 
25 pared to the wavelength, is to be used, since this gives 
the lowest cladding index according to the effective in- 
dex curves for periodic structures shown in Fig. 4. 

Furthermore, since the effective index of the cladding 
30 according to Fig. 4 is lowest when large air filling 
fractions are employed, one may assume that one should 
employ cladding structures with large air-filling frac- 
tions to obtain maximum dispersion compensation. This is 
in agreement with the teachings by Birks et al. in IEEE 
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Photonics Technology Letters, Vol. 11, pp. 674-76, 1999 
and Optical Fiber Communication Conference, FG2-1, 
pp. 108-10. 1999, and DiGiovanni et al. in US 5, 802,236. 
In the Birks-ref erences, the cladding index is assumed to 
5 be one (which is of course less than the actual index of 
any real life microstructured cladding) , while the core 
is supposed to be a circular glass-rod of very small di- 
ameter (0.4-1.2 nm) . 

10 According to the invention, PCFs for dispersion compen- 
sating purposes can, therefore, be made with a cross- 
section similar to the one shown schematically in 
Fig. lb. If the air-filling fraction of the cladding is 
large, the group velocity dispersion will typically have 

15 minimum values when the inter-hole distance of the clad- 
ding is small compared to the wavelength. This cor- 
responds to a core diameter, which is small compared to 
the wavelength, in agreement with the findings by Birks 
et al- One should notice that a number of problems are 

2 0 associated with small core sizes: coupling light into the 
fiber using standard splicing techniques is associated 
with significant coupling losses because of a poor mode- 
overlap with the standard fiber coupled from or to. This 
is well understood by those skilled in the art. Further, 

25 small core sizes enhance non-linear effects in the high 
bit rate systems of the future. This is also well under- 
stood by those skilled in the art. However, the group 
velocity dispersion values that may be obtained, using 
the schematic design shown in Fig. lb, are very impres- 

30 sive: group velocity dispersion may be as low as -2000 
ps/nm/km according to Birks et al. 

It is a disadvantage of the microstructured fibers with a 
cross-section similar to the one depicted in Fig. lb with 
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group velocity dispersion less than -400 ps/nm/km, that 
the fibers have small core size of around or less than 
1 pm and, therefore, poor coupling coefficient to stan- 
dard optical fibers. 

5 

It is a further disadvantage of the microstructured fi- 
bers with a cross-section similar to the one depicted in 
Fig. lb with group velocity dispersion less than -400 
ps/nm/km, that the fibers have small effective mode-areas 
10 and, therefore, suffer from non-linear effects in the 
future high bit rate transmission system. Such fibers 
would, therefore, have a detrimental effect on the bit 
rates that can be transmitted by the future multi-gigabit 
systems. 

15 

The present inventors have realised that a number of ways 
exist of designing microstructured fibers with large 
negative group velocity dispersion, while avoiding the 
small core sizes that results from the large index con- 

20 trast inherent in the designs suggested so far for dis- 
persion compensating PCFs. To understand the basic idea, 
consider again the mode-indices of Fig. 4. If one could 
design a fiber with a core index that abruptly rises 
above the cladding index as the frequency is increased, 

25 one would obtain a mode-index that curves upward in an 
index plot similar to the index plot shown in Fig. 4. 
This corresponds to large negative group velocity 
dispersion, GVD, according to the formula for group 
velocity dispersion: 

30 c dX % 

The only apparent problem with this approach is that the 
index curves shown in Fig. 4 never seem to cross. How- 
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ever, the index curves shown in Fig. 4 are for a specific 
class of periodic structures. The problem has already 
been solved for microstructured fibers of the prior art: 
By enlarging the inner cladding air-holes, such as shown 
5 schematically on Fig. 2b, the field is not allowed to be 
guided in the core region with a mode-index, which ex- 
ceeds that of the cladding index at large wavelengths. At 
some wavelength, the mode-index of the fundamental clad- 
ding mode rises very abruptly, leading to large negative 

10 group velocity dispersion over a limited wavelength 
range. This is because the fundamental mode is localised 
within the central core region at short wavelengths, 
which causes the mode-index to rise abruptly, while the 
mode at the same time becomes guided. Unfortunately, this 

15 abrupt rise in mode-index happens, when the core region 
is relatively small compared to the core region of stan- 
dard optical fibers, thus giving the same problems with 
non-linear effects and poor coupling as the basic fiber 
design depicted in Fig. la. 

20 

The present inventors have realized, however, that by 
doping the central core region, giving it an index of 
refraction that is higher than the index of refraction of 
the background material of the cladding region, one may 

25 obtain large negative group velocity dispersion, while 
having larger core regions than the core regions of the 
prior art fibers. Such a design is shown schematically in 
Fig. 5, which shows the higher refractive index of the 
core region 500, the inner cladding air holes 501, the 

30 outer cladding air holes 502 and the background material 
503 with a lower refractive index than 500. It should be 
noticed that the doped core is not in contact with the 
inner cladding features 501. As shall, be discussed in 
more details later, in connection with Fig. 31, the pre- 
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sent inventors have realized that this provides an ad- 
vantageous design direction for lowering the mode field 
overlap with the low-index features and thereby lowering 
potential loss-mechanisms associated with the low-index 
5 features and their interfaces with the background mate- 
rial of the fiber (such as absorption and scattering) . 

In Fig. 6 (prior art) there is illustrated a number of 
mode-indices of periodic structures, which illustrates 

10 why effective dispersion compensation may be obtained by 
a fiber design as illustrated in Fig. 5. The curve at the 
top 601 repeats the effective index of the curve 4 01 of 
Fig. 4 - this curve is referred to as the outer cladding 
index, since it is supposed to represent the outer clad- 

15 ding structure of the micro-structured fiber shown in 
Fig. 5 (502 and 503) . The illustration also shows the ef- 
fective indices of hypothetical honeycomb periodic struc- 
tures, where the background has an index of refraction of 
1.46. In a sense, these honeycomb structures may repre- 

20 sent a periodic version of the central core region and 
its surrounding 6 holes of inner cladding structure - see 
for example Riishede et al. Proc. 27th Eur. Conf. On Opt. 
Comm (ECOC'01), pp. Th.A.1.5, 2001. Three curves are 
shown: curve 602 corresponds to a honeycomb-structure 

25 with a hole diameter, d, of 50% of the inter-hole 
distance, A, (center-to-center), 603 corresponds to 
d=0.6A, and 604 corresponds to d=0.7A. The present 
inventors have realized that any strictly guided modes 
must have an effective index that lies above the effec- 

30 tive cladding index, yet below the effective refractive 
index of the core region (approximated by the honeycomb- 
index) . 
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At some wavelength (X/A around 0.5-0.6 for the design pa- 
rameters of this example) , the honeycomb indices are seen 
from Fig. 6 to rise above that of the outer cladding 
index. This is caused by the higher refractive index of 
5 the central core region compared to the background re- 
fractive index of the cladding region. The central core, 
therefore, only guides light at shorter wavelengths than 
the wavelength, where the honeycomb index and the 
cladding index cross (to the left of the crossing point 

10 in Fig. 6) . As before , the guiding is associated with the 
fundamental mode being localised to the core region, thus 
giving large negative group velocity dispersion, when the 
cladding index abruptly rises above the core index - here 
the mode field distribution of the fundamental mode will 

15 shift away from the central core. However, by doping the 
central core we can employ small holes - or complete eli- 
mination of these - in the outer cladding structure, and 
quite large holes in the inner cladding region, and still 
obtain a crossing wavelength. Actually, a crossing wave- 

20 length will always exist, if the core region has a region 
with higher refractive index than any index of refraction 
in the outer cladding region. 

One may vary the hole-size and obtain different crossing 
25 points. Fig. 6 also illustrates that enlarging the inner 
cladding air holes moves the crossing point to the left. 
This is an advantage, since for a fixed operational 
wavelength, X, this corresponds to a larger structure 
size, A, and, therefore, a larger core region. To exem- 
30 plify; 602 crosses 601 at A,/A=0.57, 603 crosses 601 at 
VA=0.46 and 604 crosses 601 at X/A=0.44. Choosing 
X=1.55 pin as the operation wavelength this corresponds to 
A=2.72 pin for 602, A=3.37 pm for 603 and A=3.52 pin for 
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604. One can, therefore, adjust the core size corre- 
sponding to large negative group velocity dispersion 
relatively freely, by simply adjusting the inner cladding 
hole size. The above-mentioned A-values correspond to 
5 inscribed core diameters of between: 4 . 1 jam for 602, 
4.7 pm for 603, and 4 . 6 |jun for 604. 

Other possibilities of adjusting the core size to a de- 
sired value exist, however. The cladding index 601 is re- 

10 peated as 701, and the honeycomb index for a fiber with 
an inner cladding-hole diameter of 60% of the inter-hole 
distance 603 is repeated as 703 in Fig. 7. The diameter 
of the core region with refractive index of 1.46 is equal 
to the inter-hole distance in 703. In Fig. 7 is also 

15 shown the dramatic effect of changing the doping levels 
of the central core region: If the refractive index of 
the region with increased index is raised to 1.47 (curve 
7 02) while maintaining the diameter {relative to the hole 
distance) of the doped region, the crossing point may mo- 

20 ve significantly to the right (from X/A=0.46 to 
X/A=0.72). This can be counter-acted by reducing the di- 
ameter of the doped region to 50% of the inter-hole dis- 
tance as shown by 704. For a wavelength of 1.55 jjun (curve 
702) corresponds to A= 2.15 |xm, curve 703 corresponds to 

25 A=3.37 |xm and curve 704 corresponds to A=3.52 [xm at 
their respective crossings with curve 701. 

A large number of possibilities, therefore, exist for ad- 
justing the core size (and thereby the mode field diame- 
30 ter) with this design. These possibilities include: 

1) The value of the cladding index. The higher the clad- 
ding index the larger the core for a given core design. 
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The present inventors have realised that largest core 
region is obtained when the outer cladding is a homo- 
geneous material (such as pure, fused silica or silica 
glass doped with for example Fluorine) . 

5 

2) The size of the inner cladding air holes. 

3) The maximum of the refractive index in the doped core 
and the refractive index profile. Generally, a larger 

10 refractive index step between the central core and the 
background material of the outer cladding leads to a 
smaller core size as shown by Fig. 7. 

4) The diameter of the up-doped central part of the core 
15 region. Generally a smaller diameter leads to larger A, 

and thereby a larger core area, and larger mode field 
diameter, as shown by Fig. 7. 

The actual combination of parameters that should be em- 
20 ployed depends on the specific application of the micro- 
structured fiber. For dispersion and dispersion slope 
compensating applications, there is a general interest in 
core regions that are relatively large in order to 
eliminate degrading effects caused by non-linearity. The 
25 present invention, therefore, applies to fibers with a 
core diameter that is more than three times the free 
space wavelength of the light that should be dispersion 
compensated. For standard purposes (dispersion compensa- 
tion in the so-called communication window) this means 
30 that that the core diameter of the fibers of the present 
invention should be larger than 4.0 |um. On the other 
hand, the design ideas outlined in the present invention 
may also be used to tailor the dispersion to zero or 
close-to-zero at wavelength around 1550 nm for .fibers 
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with small core sizes - such as core sizes below 4 fim in 
diameter. The present invention, therefore, also covers 
fibers for non-linear applications. 

5 The present invention does not limit itself to structures 
with the principal design shown in Fig. 5. It is well 
known that dispersion-compensating fibers with a depress- 
ed cladding region tend to have large bending losses. As 
a general rule, the bending losses increase when a larger 

10 core region is employed. Since the present invention in a 
main aspect relates to large core regions it would be 
advantageous to design the fiber such that bending losses 
are suppressed. The present inventors have realised that 
this is indeed possible with the type of design shown 

15 schematically in Fig. 8. The core region 800, the inner 
cladding region comprising low-index features 801, and 
the outer cladding region 803 and 804 are similar to 
those shown in Fig. 5. However, some of the innermost 
cladding air holes have been removed at positions 802. 

20 

This effectively creates what may be • termed a raised ou- 
ter cladding region (similar to that shown in Fig. 3 and 
denoted 308), or alternatively it may be termed an outer 

25 core region 802 if one follows the line of thought pre- 
sented by Thyagarajan et. al. in IEEE Photonics Tech- 
nology Letters, Vol. 8, no. 11, November 1996, pp. 1510- 
12. Note, however, that compared to the approach by 
Thyagarajan et al., the microstructured fiber does not 

30 need high doping levels, which are difficult to control, 
and we may even operate with much larger effective index 
contrasts . 
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Since one may in some sense view the inner core 800 and 
the inner cladding 8 01 as one core (which was theoreti- 
cally exploited to let honeycomb indices represent the 
core index in Fig. 6) , we approximately know the slope of 
5 the effective guided mode index of the central core 
region. Looking at Fig. 6, we realise that strong nega- 
tive group velocity dispersion will result, if the slope 
of this mode is numerically large, while the slope of a 
mode guided mainly within an outer core is numerically 
10 small. 

In designs such as that shown in Fig. 3a, the negative 
group velocity dispersion depends critically on the type 
of design. If 303 cannot be seen as capable of supporting 

15 guided mode(s), only modest dispersion may result (a 
typical result will be less than nominally 300 ps/nm/km) . 
If on the other hand 303 represents an outer core, strong 
dispersion may result (even more negative than -5000 
ps/nm/km) . It should be understood that by using the term 

20 "represent an outer core' 7 is meant that the core may 
support a guided mode, but not necessarily does so - for 
example if no light is coupled into the core from the 
input end of the fiber. With designs such as that shown 
in Fig. 8 on the other hand, the numerical value of the 

25 dispersion may be large in both cases (and actually can 
be equally large in structures such as the one shown in 
Fig. 5) . This is because the core index may have a large 
negative slope, when it crosses the cladding index, as 
illustrated in Fig. 6. 

30 

One additional functionality is that the numerical value 
of the group velocity dispersion of micro-structured 
fibers such as shown in Fig. 8, therefore, does not de- 
pend critically on whether the outer core guides an inde- 
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pendent mode in region 802 or not - it may still affect 
the guided mode in the central core 8 00. It may still be 
advantageous to have an outer core capable of supporting 
a mode. This is because this will lift the effective 
5 index of the fundamental mode above the effective clad- 
ding index at the wavelength regime of strong dispersion 
and thereby reduces the bending losses. 

Fig. 9 shows the operation of a microstructured fiber 
10 with the design schematically shown in Fig. 8. Curve 901 
shows the effective core index as a function of the nor- 
malised wavelength, curve 903 shows the effective clad- 
ding index as a function of the normalised wavelength and 
curve 902 shows the effective mode-index of the fun- 
is damental mode as a function of the normalised wavelength. 
For this fiber, the refractive index of the up-doped cen- 
tral part of the inner core 800 is 1.46. The diameter of 
800 is equal to the inter-hole distance, A. The refrac- 
tive index of the background material of the rest of the 
20 fiber 804 is 1.45. The diameter of the inner cladding air 
holes is 0.6A. The diameter of the outer cladding air 
holes is 0.2A. Six of the innermost outer cladding holes 
were removed to create the outer core region 802 in the 
manner shown in Fig. 8. 

25 

Looking at Fig. 9, it is seen how the mode-index of the 
fundamental mode 902 has a slope similar to the mode- 
index of the cladding 903 at long normalised wavelengths. 
At normalised wavelengths near 0.45 the slope of the fun- 
30 damental mode 902 changes and approaches the slope of the 
core index 901. This gives a strong upward curvature on 
902 that correspond to numerically large negative group 
velocity dispersion of the fundamental mode 902. In this 
wavelength regime, where the fiber exhibits strong nega- 
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tive dispersion, the central and the outer core may sup- 
port modes of approximately similar effective index. 

The actual group velocity dispersion is shown in Fig. 10 
5 for a fiber such as the one described above for Fig. 9. 
Fig. 10 is for a fiber with A=3.45 \m. This corresponds 
to a central core 800 with refractive index=1.46 and di- 
ameters . 4 5|jm. The inner cladding air holes have diameter 
2.07 Jim (giving an inscribed diameter of 4 . 8 |im) , while 
10 the outer cladding air holes have diameter 0.69 jum. The 
background refractive index is 1.45. 

In agreement with the effective index variation 902 , Fig. 
10 shows strong negative group velocity dispersion, GVD, 

15 of less than -1600 ps/nm/knw Designs with larger doping 
levels show even numerically larger group velocity 
dispersion values (down to -10000 ps/nm/km) . Also the 
large negative slope on the group velocity dispersion at 
wavelengths shorter than 1.55 pm should be noticed. Such 

20 a large dispersion slope makes these fibers ideal for 
dispersion slope compensation schemes. In some instances, 
the slope of these dispersion compensation fibers may 
even be too large. However, systems having smaller slope 
(relative to the GVD-values) may be created by cascading 

25 fibers with different GVD characteristics. It is, there- 
fore, an advantage of these fibers that they may be used 
to not only compensate the dispersion but also the 
dispersion slope of virtually any system with positive 
group velocity dispersion. 

30 

In order to illustrate the good mode confinement of the 
dispersion compensating fiber designs according to the 
present invention, Fig. 11 shows the mode field distri- 
bution of the fundamental mode calculated at a wavelength 
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of 1550 run. The fiber parameters are selected according 
to the description provided in connection with the 
illustration of the group velocity dispersion in Fig. 10. 
The field is seen to avoid the air holes in the inner 
5 cladding region, being advantageous in terms of low loss- 
es - as previously discussed. This being mainly at- 
tributed to the core region having a high-index, features 
being not in contact with the inner-cladding region. 

10 

In a preferred embodiment of the present invention, the 
outer core contains material with a higher refractive 
index than the refractive index of the background ma- 
terial in the outer cladding. An example of a fiber that 

15 has a number of high-index features present in the outer 
core is illustrated in Fig. 12. In order to reduce fa- 
brication efforts, it may further be preferred to eli- 
minate the use of low-index features in the outer clad- 
ding. The fiber in Fig. 12, therefore, consists of a 

20 first high-index type core region 1200, a single layer of 
low-index features 1201 surrounding the core and a single 
layer of high-index features 1202 surrounding both the 
core region 1200 and the low-index features 1201. Outside 
the core region only a single background material 1203 is 

25 present - this background material being similar for the 
inner cladding region, the outer core region and the 
outer cladding region. Due to the higher refractive index 
of the features 1202 compared to the background material 
and the low-index features 1201, the ensemble of high- 

30 index features may act as a core in its own right that 
may support a propagating mode. The outer core may also 
be formed from an annular region 1204 of high refractive 
index material. The two core regions (these being the 
central core region 1200 and the ensemble of high-index 
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features 1202 or the annular region 1204) thereby are 
able to support each their different core modes. These 
core modes will be decoupled at most wavelengths and only 
couple to each other over a relatively short wavelength 
5 range. Within this short wavelength range, the mode 
distributions in the fiber will change dramatically and 
the fiber will exhibit a strong dispersion. The quali- 
tative operation of this type of fiber is schematically 
illustrated in Fig. 13. As a function of wavelength, 
10 Fig. 13a shows schematically, the effective index of a 
mode that is guided in a fiber comprising only the cen- 
tral core region 1200 and of a mode that is guided in a 
fiber comprising only the outer core 1201 (this outer 
core mode being supported by the ensemble of high-index 
15 features 1203 or the annular region 1204). The two mode 
curves are seen to cross at a normalised wavelength, 
Coupling/A. Around this wavelength, the two cores will 
couple strongly to each other for a composite fiber com- 
prising both cores. At the coupling wavelength, for a 
20 fiber with a design as for example shown in Fig. 12, the 
effective indices of modes supported by the two cores 
will have a lifted degeneracy - or so-called avoided 
crossing will take place. In this manner the fiber is 
capable of guiding light in a fundamental mode corre- 
25 sponding to the curve 1303 .that exhibits a strong nega- 
tive dispersion at wavelengths around A, coup iing/A. The 
fiber may support a second mode guided indicated by the 
curve 1304, but it is not necessary that the fiber 
carries any substantial energy in the mode 1304 in order 
30 to exhibit negative dispersion in mode 1303. The fiber of 
Fig. 13b will guide light in the central core at wave- 
lengths shorter than the wavelength of strongest coupling 
(roughly equal to the coupling wavelength indicated in 
Fig. 13) and the fiber will here exhibit negative dis- 
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persion with a negative dispersion slope - this is the 
range that dispersion compensating fibers typically are 
preferred to operate in. The wavelength-axis in Fig. 13 
has been normalised with respect to pitch (for example 
5 the center-to-center spacing between two adjacent low- 
index features 1201) to indicate that the coupling wave- 
length may be changed by changing the pitch. The figure 
also indicates the index of a homogeneous cladding with a 
refractive index of around 1.444 - corresponding to pure 

10 silica being used as background material 1203. The higher 
refractive index of the core 1200 as well as of the high- 
index features 1202 compared to the background material 
1203 cause the coupling wavelength to occur in a regime 
where both the index of both core modes are above the 

15 cladding index. In this manner, the coupling - and there- 
by the strong dispersion - may be obtain while the fiber 
is not sensitive to bending losses. It is worth noticing 
that the mode indices of both core modes may be lower 
than the cladding index at long wavelengths. This is due 

20 to the low-index features 1201 having a refractive index- 
significantly below that of the cladding. The core modes 
may, however, well be guided for mode indices below the 
cladding index - as is the case for conventional one- 
material photonic crystal fibers - but the modes may in 

25 this case experience leakage losses. These leakage losses 
are typically reduced for one material photonic crystal 
fibers by having a sufficient number of low-index fea- 
tures surrounding the core region that supports a propa- 
gating mode - and the outer cladding may be micro-struc- 

30 tured as for the fiber in Fig. 8. For homogeneous outer 
cladding regions, the potential problem of leakage-loss 
at the coupling wavelength may be eliminated by the use 
of features 1202 having a higher refractive index than 
the background material 1203. It is an advantage that 
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there are different maximum refractive indices in the two 
core regions - and that the core region with the lower 
maximum refractive index has a larger special extend than 
the other core region. As an example, the inner or cen- 
5 tral core region (referred to as first core) may have a 
maximum refractive index of 1.47 and the outer core re- 
gion (referred to as second core) may have a maximum 
refractive index of 1.4 65. The first core should then be 
designed to have the smallest cross-sectional area of the 
10 two cores, whereby the index curve of the mode guided in 
the first core will have a more steep slope than the 
index curve for the mode supported by the second core. 

The magnitude of the negative group velocity dispersion 
15 depends on various things. The strength of the coupling 
between the two modes may be quantified by the field 
overlap. At A, COU piing/A (where the two un-coupled modes 
cross) the splitting of the two modes will be proportion- 
al to the coupling strength. Often the coupling strength 
20 will only have weak wavelength dependence and in that 
case the wavelength-range where coupling is efficient in 
changing the modes is strongly related to the slopes of 
the two mode curves. When the slopes of the coupling mode 
curves are as different as possible, the effective wave- 
25 length-range will be small and the modes (which have a 
curved behaviour) will get the smallest possible bending 
curvature, i.e. numerically large group velocity disper- 
sion will be exhibited when the slopes are as different 
as possible . 

30 

The present inventors have realized that microstructured 
fibers with a coupled-core design may also be advan- 
tageous for non-linear applications, where it is desired 
to have fibers with small core and a dispersion close to 
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zero over a broad wavelength range (e.g. around 1550 nm) 
- such as in the wavelength range from 1300 nm to 1700 nm 
(this is still in the regime of negative waveguide dis- 
persion) . Looking at Fig. 13, it is seen that it will be 
5 preferred to move the coupling wavelength to smaller va- 
lues of wavelength/pitch in order to reduce the fiber di- 
mensions at a given wavelength. Hence, it may be pre- 
ferred that the two core regions have a maximum refrac- 
tive index that is close to each other and that the area 
10 of the two core regions is not too different. Alter- 
natively, it is preferred that the outer core region has 
an effective refractive index close to the (effective) 
refractive index of the cladding. 

15 According to the present invention, a number of charac- 
teristics are preferred for fibers as schematically shown 
in Fig. 12: 

Core region 1200 having a maximum refractive index, N co ,i. 

20 Typically, silica doped with Germanium and/or other do- 
ping materials will be used to form the core. Various 
refractive index profiles of the core may be preferred, 
but typically a profile as close to a step-index profile 
will be preferred. Hence, typically N co ,i is larger than 

25 1.444, such as preferably larger than 1.46, such as 
larger than 1.47 at wavelengths around 1550nm. 

Background material 1204 having a refractive index, N c i, 2 , 
that is lower than N c0 ,i. Typically, the background mate- 
30 rial is pure silica, having a refractive index of around 
1.444 at wavelength around 1550 nm, but silica doped with 
a doping material to lower the refractive index of N c i,i 
below 1.444 may also be preferred, such as fluorine-doped 
silica glass. 
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Low-index features 1201 having a refractive index, N c i,i, 
a diameter, d c i,i, and a center-to-center spacing between 
two adjacent low-index features, A c i,i. Typically, these 
5 low-index features are voids, hence N c i,i is around 1.0, 
but low index features formed from down-doped silica may 
also be preferred. For dispersion compensation applica- 
tions, typically the low-index features will have a di- 
ameter, dci, if in the range from around 0.5A c i,i to 0.9A c i,i 

10 and for non-linear fiber applications, typically, d c i,i 
will be in the range from 0.2Ad,i to 0.5A c i,i- In order to 
reduce degrading effects, such as polarisation mode dis- 
persion, PMD, it is often preferred that all low-index 
features are identical and equally spaced. Also other 

15 numbers of low-index features than 6 is covered by the 
present invention as well as more than one "ring'' of low- 
index features surrounding the core region 1200. 

High-index features 1202 having a refractive index, N co ,2/ 
20 a diameter, d co ,2f and a center-to-center spacing between 
two adjacent high-index features, A c0 , 2 - Typically, these 
high-index features comprise doped silica glass, hence 
N C0/2 is larger than 1.44 4 at wavelengths around 1550 nm, 
but high-index features formed from pure or down-doped 
25 silica may also be preferred. For dispersion compensation 
applications, typically the high-index features will have 
N co ,2 in the range from 1. 444 to 1.4 60 at wavelengths 
around 1550 nm and a diameter, d c0 ,2f in the range from 
around 0.1A CO , 2 to 0.9A CO ,2 and for non-linear fiber appli- 
30 cations, typically, d co , 2 will be in the same range. 
Furthermore, in order for the ensemble of high-index fea- 
tures to support only a single-mode, it is often prefer- 
red that the size of the high-index features is smaller 
than the size of the low-index features 1201. The present 
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inventors have further found that it is an advantage that 
the refractive index profile of the high-index features 
• is as close as possible to a step-index profile in order 
for the coupling to be as dramatic as possible - and 
5 thereby the dispersion as strong as possible. In order to 
reduce degrading effects , such as polarisation mode dis- 
persion, PMD, it is often preferred that all high-index 
features are identical and equally spaced. Alternatively, 
the ensemble of high-index features in the outer core may 

10 be substituted by a homogeneous high-index annular region 
1204. Such an annular region - being either the complete 
or parts of the outer core region - may have the same 
functionality as the ensemble of high-index features. The 
width, the maximum refractive index and the index profile 

15 of the annular region are key parameters for the fiber. 
Also other numbers of high-index features than 6 is 
covered by the present invention as well as more than one 
"ring" of low-index features surrounding the core region 
1200. 

20 

In order to optimise the coupling between modes supported 
by the first core region 1200 and the second core region 
(formed from the high-index features 1202), it is often 
preferred that the high-index features are positioned 

25 such that light penetrating between two low-index fea- 
tures from the core region 1200 will experience the high- 
index features most strongly. To quantify this, it may be 
preferred that a first polygon 14 00 drawn from centres of 
high-index features and a second polygon 1401 drawn from 

30 centres of low-index features are concentric, but rotated 
with respect to each other . an angle given by 
0 . 5 (Ni/360°) , where Ni is the number of low-index fea- 
tures. Hence, for a fiber with 6 low-index features (as 
in Fig. 14), the first polygon 1400 is rotated 30 degrees 
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compared to the second polygon 1401, and both polygons 
are coinciding. Alternatively, the second polygon may 
have a similar orientation as the first polygon. As sche- 
matically illustrated in Fig. 15, it may also be pre- 
5 ferred that the outer cladding region 1501 comprises a 
different material - or a material with a different 
refractive index - than the background material 1500 of 
the inner cladding and/or the outer core. 

10 It is important to notice that the above-described design 
ideas for providing microstructured optical fibers for 
dispersion and dispersion slope compensation as well as 
for non-linear applications is profoundly different from 
the ideas presented by DiGiovanni et al. in US 5 802 236, 

15 where a second core region capable of supporting a propa- 
gating mode is taught to be disadvantageous. 

To illustrate in more detail the operation and some of 
the possibilities of fibers according to the present 
20 invention, various design parameters of fibers as shown 
in Fig. 12a shall be considered next. 

Fig. 16 shows a simulation of a fiber according to the 
present invention having a design as schematically shown 

25 in Fig. 12. The fiber has the following design param- 
eters: The first core has a step-index profile with a 
maximum refractive index of 1.471 (corresponding to a 
refractive index change of 1.892% compared to pure silica 
having refractive index of 1.444 at X=1550nm) and a back- 

30 ground material of refractive index 1.444 (pure silica). 
The inner cladding region comprises a background material 
of • refractive index 1. 444 and six voids of diameter 
0.5A, where. A is the center-to-centre spacing between to 
two nearest voids. The second core region comprises a 
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background material of refractive index 1.4 44 and six 
■ high-index features of refractive index 1.459 (corre- 
sponding to a raised index of 1.055% compared to pure 
silica) . The outer cladding region is homogeneous and 
5 comprises pure silica with a refractive index of 1.4 44. 
While the outer cladding region is homogeneous in this 
case, it may also comprise varies sub-regions for example 
for lowering bending losses. As seen from Fig. 16, the 
fiber supports a fundamental mode 1600 that has a strong- 

10 ly dispersive behaviour at normalized wavelengths, A./A, 
of around 0.36. The curve 1601 represent the effective 
index of a mode that may be supported by the second core 
and the curve 1602 represent the refractive index of the 
outer cladding region. It should be noted that it is here 

15 chosen to use a normalisation factor, A. The fibre in 
Fig. 16 will have A of around 4 . 3 \m for negative disper- 
sion operation of around X=1550 nm. This provides a core 
size that is significantly larger than the core sizes 
disclosed by the previously discussed DiGiovanni et al. 

20 and Birks et al. references. Furthermore, as shall be 
demonstrated next, the negative dispersion that may be 
exhibited by fibers according to the present invention 
can be significantly larger than for the fibers disclosed 
in the above-mentioned DiGiovanni and Birks references . 

25 

For tailoring fibers according to the present invention 
for given specifications, a wide range of parameters may 
be tuned. The following figures show examples of how 
various fiber characteristics (such as dispersion, RDS 
30 and core size) may be tuned by adjusting design param- 
eters . 

The present inventors have found that the negative dis- 
persion depends strongly on the size of the inner clad- 
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(57) Abstract: An optical fibre for transmitting light, said optical fibre 
having an axial direction and a cross section perpendicular to said axial 
direction, said optical fibre comprising: (1) a first core region comprising 
a first core material having a refractive index N COrl ; (2) a microstructured 
first cladding region surrounding the first core region, said first cladding 
region comprising a first cladding material and a plurality of spaced apart 
first cladding features or elements that are elongated in the fibre axial di- 
rection and disposed in the first cladding material, said first cladding ma- 
terial having a refractive index N cU and each said first cladding feature or 
element having a refractive index being lower than N^, whereby a resul- 
tant geometrical index N^ge,cl, 1 ? of the first cladding region is lowered 
compared to N cU ; (3) a second core region surrounding said first cladding 
region, said second core region comprising a second core material hav- 
ing a refractive index N^, and (4) a second cladding region surrounding 
the second core region, said second cladding region comprising a second 
cladding material having a refractive index N C | t2 , wherein the first core 
material, the first cladding material and the first cladding features, the 
second core material, and the second cladding material are selected and 
arranged so that N COtl > N^u, N COf2 > N ge , cU , and N co , 2 > N cU . 
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DUAL CORE PHOTONIC CRYSTAL FIBERS (PCP) WITH SPECIAL DISPERSION PROPERTIES 



5 DESCRIPTION 

1. BACKGROUND OF THE INVENTION 

The present invention relates to new designs of micro- 
10 structured fibers providing improvements with respect to 
dispersion compensation (including dispersion slope 
compensation) for fiber optical communication systems and 
with respect to non-linear optical fibers for applica- 
tions at near-infrared wavelengths. 

15 

The Technical Field 

The development of optical amplifiers operating in the 
"1550 nm wavelength band of optical communication has 

20 during the past ten years formed the basis for a tremend- 
ous development of wavelength division multiplexed op- 
tical communication systems typically operating in the 
wavelength interval from 1530 nm to 1610 nm - and rapidly 
expanding. These amplifiers have to a large degree 

25 removed the loss limitations of the optical communication 
links, and have paved the way for much longer transmis- 
sion spans operating at significantly higher transmission 
bit rates (having a much higher transmission capacity) . 
At the same time the development of optical fiber ampli- 

30 fiers at first had the result that systems originally 
developed to operate in the 1310 nm wavelength band could 
be upgraded to the 1550 nm band with significant advan- 
tages - provided that the dispersion limitations of these 
systems could be compensated in an efficient manner. 

35 
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To provide a picture of the possibilities and needs for 
dispersion compensation, it may be noted that when the 
bit rate is increased to 10 Gbit/s, the dispersion limits 
the transmission to around 50 km, which obviously raises 
5 the need for some sort of dispersion compensation. As 
described by Gruner-Nielsen et al., ECOC'2000, pp. 91-94, 
non-zero dispersion fibers (NZDF) seems to be the choice 
for future communication systems due to their low-dis- 
persion and low-non-linear penalties. For bit-rates of 10 

10 Gbit/s NZDFs will not need dispersion compensation before 
some hundred kilometres of transmission. However, in the 
future, when the bit rate increases to 40 Gbit/s, dis- 
persion compensation will be needed already after ap- 
proximately 5 kilometres for non-shifted fibers and after 

15 around 30 kilometres when NZDFs are used. 

It is noteworthy that today several different types of 
optical transmission fibre are installed with various 
dispersion properties. However, still a significant part 

20 of the installed optical fiber cables make use of non- 
shifted single-mode fibers, i.e. optical fibres with zero 
dispersion wavelength at 1310 nm and a dispersion of 
about 17 ps/km/nm at the wavelength of 1550 nm. The most 
established dispersion-compensation method today is the 

25 use of dispersion compensating fibers (DCFs) operating in 
the single-mode regime. The use of dispersion compensa- 
ting fibers was proposed by Lin, Kogelnik, and Cohen, 
Optics Letters, Vol.5, pp. 476-478, 1980. 

30 The first DCFs were step index fibers, where the zero 
dispersion wavelength was moved to wavelengths above 1550 
nm by increasing the core index and narrowing the core 
diameter (see Onishi et al., Electronics Letters, Vol. 
30, pp. 161-163, 1994, and Bjarklev et al., Optics Let- 

35 ters, Vol.19, pp. 62-64, 1994). These relatively simple 
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fiber designs allow for control of the dispersion value 
at a given wavelength, but they do generally not provide 
the possibility of simultaneous control of the dispersion 
slope value. 

5 

It could be argued that one of the ultimate limits for 
the dispersion compensating properties of this simple 
step index fiber design may be obtained for a very thin 
rod of a high index material placed in vacuum (the low- 

10 index cladding) . At this point it is relevant to refer to 
the recent development within the area of fiber optics, 
where a large interest has been pointed towards so-called 
microstructured fibers, also known as photonic crystal 
fibers, photonic band gap fibers, hole-assisted fibres 

15 and holey fibers. These are fibers providing a number of 
new properties that are of interest to a wide range of 
areas such as optical communications, sensor technology, 
spectroscopy, and medicine (see e.g. Broeng et al . , 
Optical Fiber Technology, Vol. 5, pp. 305-330, 1999; 

20 Broeng et al., Optics Communications, Vol. 156, pp. 240- 
244, 1998; Broeng et al, Optics Letters, Vol. 25, pp. 96- 
98, 2000; WO 99/64903; WO 99/64904; WO 00/60390; Birks et 
al., Electronics Letters, Vol.31, pp. 1941-1943, October 
1995; Knight et al., Journal of the Optical Society of 

25 America, A., Vol.15, pp. 748-752, March 1998; Knight et 
al., Optical Materials Vol. 11, pp. 143-151, 1999; US 
5,802,236; Monro et al., Journal of Lightwave Technology, 
Vol. 17, pp. 1093-1102, 1999; Ferrando et al., Optics 
Letters, Vol. 24, pp. 276-278, 1999; WO 00/06506) . The 

30 fibres are characterized by having a core surrounded by 
thin, parallel, voids/holes in a background material. The 
background material is most often a single material such 
as e.g. silica glass, and the voids/holes commonly 
contain air or vacuum, but they may also be filled with 
.35 other glass materials, polymers, liquids, or gasses. 
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Depending on the application, the voids/holes may be 
periodically or randomly distributed, or they may be 
distributed in specially designed arrangements 
incorporating both periodic and non-periodic regions (see 
5 e.g. WO 99/64903; WO 99/64904; WO 00/60390; US 5,802,236, 
Monro et al., Optics Letters, Vol- 25, pp. 206-208, 
2000) . Now returning to the picture of a single rod of 
high-index material placed in vacuum, it should be noted 
that Birks et al . (in IEEE Photonics Technology Letters, 

10 Vol.11, pp. 674-676, 1999) argued that properties of 
photonic crystal fibers (PCFs) could be modelled by a 
silica rod in air. Such approximate calculations indicat- 
ed that the dispersion of PCFs could exceed -2000 
ps/km/nm - or they could compensate (to within + or - 

15 0.2%) of the dispersion of 35 times their length of 
standard fiber over a 100 nm wavelength range. 

As already mentioned, it is a disadvantage of the step- 
index fibers that they cannot perform simultaneous com- 

20 pensation of dispersion and dispersion slope, and it is a 
further disadvantage that very high index contrasts are 
needed (either obtained through high co-dopant levels or 
by placing single rods in air) . The high-index contrast 
step-index fibers also have to be designed with very 

25 narrow core dimensions in order for the fibers to be 
single-modecL Regarding non-linearity, this is a further 
disadvantage especially for systems operating at 40Gb/s 
or higher. 

30 After now having discussed the simplest approach of ob- 
taining dispersion compensation in standard optical 
fibers and in photonic crystal fibers, it is useful to 
look at the further development of standard technology 
DCFs . As we already have mentioned, one of the key limi- 

35 tations to the simple step-index design was the lack of 
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simultaneous control of dispersion and dispersion slope. 
One may argue that this limitation simply is due to a 
quite limited number of design parameters (for a step- 
index fiber only the core-cladding refractive index dif- 
5 ference and the core radius may be selected) . The ap- 
proach in obtaining more design flexibility dates back to 
the early days of standard fiber technology, and dis- 
persion modification techniques were already studied in 
the early 1980' ies (see e.g., Monerie, IEEE Journal of 

10 Quantum Electronics, Vol.18, pp. 535-542, 1982), where 
double-clad designs (also known as W-fibers) were eval- 
uated. Fibers of this double-clad type also have equi- 
valents realised by photonic crystal fiber technology, 
and these microstructured fibers have also been explored 

15 for dispersion compensating applications. The first mi- 
crostructured fibers for such applications were disclosed 
by DiGiovanni et al. (see EP 0 810 453 and US 5,802,236). 
DiGiovanni et al. discussed how microstructured fibers 
with a cladding divided into two regions could provide 

20 improved dispersion characteristics compared to conven- 
tional fibers. DiGiovanni et al. used microstructured 
fibers with an inner, microstructured cladding region 
having a lower effective refractive index compared to an 
outer, microstructured cladding region to obtain a dis- 

25 persion of more than -1500 ps/nm/km. 

The fibers disclosed by DiGiovanni et al. comprise a 
single core region (preferably in the centre of the 
fiber), and it is stated in US 5,802,236 that "In gene- 

30 ral, the microstructure cladding features should be dis- 
posed such that the cladding region does not contain any 
matrix regions of extend in the x-y plane sufficient to 
act as a secondary core, i.e. to support a propagating 
radiation mode". The present inventors have, however, 

35 realised that it is advantageous to design microstructur- 
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ed fibres that have at least one region that can support 
one or more propagating modes other than the mode(s) 
supported in the central core region. Hence, such a 
region (that has larger dimensions than the central core 
5 and an effective refractive index higher than (N 0 +N c )/2, 
where N D is the core refractive index and N c is the 
effective refractive index of the cladding) that may act 
as a second core is preferred. In fact, the present 
inventors have realized that coupling between a mode in 

10 the central core region and a mode in the second core is 
highly advantageous for microstructured optical fibers 
with special dispersion properties. It is further 
important to notice that the fiber may be operated to 
guide light only in a single of the cores - preferably 

15 the central core. This desired mechanism may also be 
described as avoided "crossing" of the core modes, as 
shall be discussed at a later stage in the detailed 
description of the invention. 

20 It should at this point be noted that strong dispersion 
compensation generally is obtained by spectrally shifting 
the effective refractive index of the guided mode(s). 
This requires refractive index profile control on a sub- 
wavelength scale, and the effect is closely related to 

25 the spatial redistribution of the optical mode as a func- 
tion of wavelength. When this spatial redistribution of 
the guided mode takes place in a W-fiber design, the 
guided mode shifts (for increasing wavelengths) from the 
high index core to the cladding. This is an effect that 

30 generally ties the dispersion compensating effect strong- 
ly together with a strong leakage loss and macro bending 
loss sensitivity very near the desired wavelength for 
dispersion compensation. Consequently, W-designs have to 
be made for an extremely narrow selection of production 

35 parameters, and this fiber design, therefore, becomes 
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less attractive than designs, where the spatial distri- 
bution of optical power is shifted within guided regions 
of the fiber core. This is also the reason why standard 
fiber technology generally utilises triple-cladding de- 
5 signs for dispersion compensation (see e.g., Vengsarkar 
et al., OFC'93, San Jose, USA, Febr. 21-26, 1993, Post 
deadline paper PD13; Antos, and Smith, IEEE Journal of 
Lightwave Technology; vol.12, pp. 1739-1745, 1994; 
Vengsarkar et al., OFC'94, paper ThK2, pp. 222-227, 1994; 
10 Onishi et al., ECOC'94, pp. 681-684, 1994; Akasaka et al., 
OFC'96, paper ThA3, pp. 201-202,1996). These designs have 
several advantages over the step index design - among 
others is negative dispersion slope to provide partly or 
full dispersion slope compensation. 

15 

Using standard fiber technology, triple-cladding designs 
have a narrow high-delta core (i.e. highly doped to ob- 
tain a large refractive index difference compared to pure 
silica) surrounded by a deeply depressed cladding fol- 

20 lowed by a raised cladding (we here mention the different 
elements in an order starting at the centre of the fiber 
cross-section and stepping outwards in radial direction) . 
The third cladding layer is generally made of pure sili- 
ca. It should also be noted that in order to suppress 

25 higher-order mode guidance (lowering the cut-off wave- 
length of the DCF) an additional depressed cladding layer 
is often introduced between the raised cladding layer and 
the outermost cladding. However, for simplicity (and 
because its influence on the fundamental mode properties 

30 often are limited) this fourth cladding layer is often 
not discussed in large detail. 

As we have discussed with the more simple standard fiber 
designs, also triple-cladding design equivalents using 
35 microstructured - or PCF - technology have been con- 
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sidered by Fajardo et al. WO 00/16141. Fajardo et al. 
describe an optical waveguide in which the density and 
thus the effective refractive indices of the cladding 
layer is caused to change in a pre-selected way axially 
5 along the fiber. The axial change in density of the clad- 
ding layer is due to the fraction of the cladding volume 
that is air or a glass composition different .from that of 
the base cladding glass. Fajardo et al. argue that the 
axial variation in clad indices changes the signal mode 
10 power distribution, thereby changing key waveguide fiber 
parameters such as magnitude and sign of dispersion, cut- 
off wavelength and zero dispersion wavelength along the 
fiber length. 

15 It is a disadvantage of the dispersion compensating 
fibers using standard fiber fabrication techniques (i.e., 
fibers fabricated from doped silica) that limited dopant 
levels (given by internal stress, material deposition 
efficiencies etc.) does not provide as large (negative) 

20 dispersion values as other competing techniques. It is a 
further disadvantage that standard single-mode DCFs typi- 
cally have significantly smaller spotsize values than the 
transmission fibers, whose dispersion they are to compen- 
sate. The spotsize mismatch generally leads to signifi- 

25 cant coupling losses, and/or complicated splicing tech- 
niques including intermediate fibers, special techniques 
of material diffusion control etc. 

When a DCF is used for discrete compensation at the ter- 
30 minal sites, one of the drawbacks of DCFs is that the 
total link attenuation is increased. The added atten- 
uation must be compensated with additional gain in ampli- 
fiers, which degrades the signal-to-noise ratio and in- 
creases the cost of the system. To minimise this problem, 
35 the DCF should have as high a negative dispersion, D D cf, 
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as possible and as low attenuation, ct,v>c?, as possible. 
Therefore, a figure of merit (FOM) for dispersion compen- 
sating fibers may be defined as the numerical value of 
D DC F/a D cF- Typical FOM values of presently employed DCFs is 
5 around 200ps/nm/dB, where the attenuation is around 
0.5 dB/km and the dispersion is around -100 ps/nm/km. 
Hence, for a fiber according to the present invention 
providing a dispersion of -400ps/nm/km or more negative, 
loss issues are less restricting than for conventional 

10 DCFs - or DCFs according to the present invention may 
provide higher FOM for similar loss levels. For a dis- 
persion compensating fiber according to the present 
invention that provides for example a dispersion of - 
1000 ps/nm/km or more negative, an improved FOM may be 

15 achieved for fiber attenuation of up to 5dB/km compared 

to conventional DCFs. * 

It should be noted that dispersion compensating fibers 
fabricated in large-scale production using standard fiber 

20 technology normally are designed to have a dispersion of 
about -100 ps/km/nm at the wavelength of 1550 nm - and 
having FOM in the order of 200 ps/nm/dB (see e.g., 
Gruner-Nielsen et al. ECOC'2000, Munich, pp. 91-94). 
However, more negative dispersion values may be obtained 

25 - still having good FOM values, and as an example the 
work of Knudsen et al., LEOS'2000 annual meeting, Paper 
TuZ2, pp. 338-339 may be mentioned. This works 
demonstrated a dispersion of -190 ps/km/nm for a FOM of 
307 ps/nm/dB at 1550 nm. 

30 

Considering the background of dispersion compensation 
through the use of specially designed fibers it also 
becomes relevant to examine the dispersion compensating 
fibers described by Thyagarajan et al., IEEE Photonics 
35 Technology Letters, Vol.8, pp. 1510-1512, 1996. In this 
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letter, Thyagarajan et al. describe how very large nega- 
tive dispersion values (as low as -5100 ps/km/nm) are 
predicted for fibers consisting of two concentric cores. 
The desired dispersion compensation is obtained using a 
5 centrally placed high-index core (from 2-2.5% relative 
refractive index difference) and a ring shaped core, 
chosen independently so that each of the cores supports a 
single azimuthally symmetric propagating mode at a wave- 
length of 1550 nm. The idea described by Thyagarajan et 

10 al. is that the two-core fiber design then will support 
two azimuthally symmetric modes (similar to two so-called 
super modes of a directional coupler) , and that these 
modes are nearly phase matched at 1550 nm. Close to this 
phase matching wavelength, the mode index of the com- 

15 posite core fiber changes rapidly due to a strong cou- 
pling between the two individual modes of the inner core 
and outer core. Due to a strong refractive index asym- 
metry between the two cores, there is a rapid change in 
the slope of the wavelength variation of the fundamental 

20 mode index (of the composite structure) leading to a 
large dispersion around 1550 nm. A fiber of this dual 
concentric core type has been fabricated, and dispersion 
results as low as -1800 ps/km/nm at the wavelength of 
1550 nm has recently been presented by Auguste et al., 

25 IEE Electronics Letters, Vol. 36, pp. 1689-1691, 2000. 
Also in this work the functionality of the fiber is 
described through the coupling between two super modes - 
one of the super modes having a large negative dispersion 
and the other having a large positive dispersion - and 

30 light being guided through the fiber only in the super 
mode having negative dispersion. Note also that fibers of 
this type has been further described by Auguste et al., 
Optics Communications, Vol. 178, pp. 71-77, 2000, where 
the influence of a central dip - generally present in 

35 fibers fabricated by the modified chemical vapour deposi- 
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tion (MCVD) method - is studied and demonstrated to be of 
importance. Considering these dual concentric core fiber 
designs , it is important to note that the fiber propaga- 
tion properties also may be interpreted by a more ordi- 
5 nary mode description using linearly polarised (LP) modes 
in optical fibers. If we look at the dual concentric core 
designs from this point of view, we find that the LP 0 i 
mode (representing one of the previously mentioned super 
modes) shows a strong negative dispersion. At the same 

10 time, the LP02 mode (representing the other of the pre- 
viously mentioned super modes) shows a strong positive 
dispersion, and more important - the fiber supports 
guidance of the LP 0 2-n\ode. Looking closer at the fiber 
designs presented by Thyagarajan et al., one also finds 

15 that the LPn mode is strongly guided by the fiber struc- 
ture. 

It may be a disadvantage of the dual concentric core 
designs fabricated by standard fiber technology that the 
fibers strongly guide several modes. It is a further dis- 
advantage of the dual concentric core designs fabricated 
by standard fiber technology that very high co-dopant 
concentrations generally are needed, since it may result 
in highly increased fiber attenuation, and moreover, it 
is difficult to maintain a homogeneous, and reproducible 
dopant level. The latter issue is indicated by Auguste et 
al. (Optics Communications, Vol. 178, pp. 71-77, 2000), 
where it is described how the well known central index 
dip in MCVD fabricated fibers may introduce strong varia- 
tions in the spectral location of the dispersion peak 
(more than 100 nm shifting was reported) . It is yet a 
further disadvantage of the standard technology dual con- 
centric core fibers that the limited index contrast in 
doped glass technology makes it necessary to operate with 
ring shaped cores of rather wide outer radii (fibers pre- 
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seated by Thyagarajan et al. and Auguste et al . have 
radii of the outermost core near 20 microns) . This leads 
to a strongly spatially extended fundamental mode field 
for wavelengths above 1550 nm, which eventually may re- 
5 suit in significant macro-bending sensitivity. 

High dopant levels are not necessary in PCFs, because 
index contrast may be obtained through microstructuring. 
Therefore, the parameter sensitivity may be reduced, and 
10 fibers with different guiding properties between the 
guided and higher order modes may be obtained (mode dis- 
crimination is possible) . 

Through a wider range of design possibilities using PCF 
15 technology, we may solve the bending loss problem, and at 
the same time obtain a larger negative dispersion. 

It is an object of the present invention to provide im- 
proved designs and design parameters for microstructured 

20 fibers employed for dispersion compensating applications 
(including dispersion slope compensation) . The improve- 
ments relates to strong dispersion, control of dispersion 
slope, low bending losses, large mode-field diameters, 
lower sensitivity on parameter fluctuations - allowing 

25 better reproducibility compared to prior art fibers, and 
lower requirements on doping levels of silica. 

Photonic crystal fibres (PCFs) having multiple cladding 
layers have been described' by Hasegawa et al. in 

30 EP 1 118 887 A2. Hasegawa et al. claim an optical fiber 
including a core region and cladding regions of not less 
than three layers, which surround the core region in 
order, wherein at least one of the cladding regions has 
lower mean refractive index than both adjacent cladding 

35 regions, and at least one cladding region is provided 
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with a plurality of sub medium regions each having a 
refractive index lower than a main medium constituting 
this cladding region. 

5 The present inventors have, however, realised that it is 
advantageous to design microstructured fibers that have 
at least one region that can support one or more propaga- 
ting modes other than the mode(s) supported in the cen- 
tral core region. 

10 

It is a disadvantage of the fibers described by Hasegawa 
et al. that they do not include such a region that may 
act as a core in its own right supporting a propagating 
mode, since it may limit the possible magnitude of the 
15 obtainable dispersion. 

Furthermore, the present inventors have realised that it 
may be advantageous not to have a cladding region with a 
lower effective refractive index than two adjacent clad- 
20 ding regions. In fact the present inventors have realised 
that it is an advantage to have a region with a higher 
effective refractive index than two adjacent cladding - 
such a region is here termed "second core" . 

25 The fibres disclosed by Hasegawa et al. exhibit a negati- 
ve dispersion of around -200 ps/km/nm, whereas the micro- 
structured fibers disclosed by the present inventors pro- 
vides negative dispersion in excess of -10000 ps/nm/km. 

30 In the patent application by Hasegawa et al., it is given 
that the mean refractive index n 3 of the outer cladding 
region obeys the relation n 2 >n 3 , where n 2 is the refrac- 
tive index of the second inner cladding. Hasegawa et al. 
obtains this relation by incorporating low-index features 

35 in cladding region 3. This is in contrast to a number of 
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preferred embodiments of the present invention, where the 
outer cladding consists of a homogeneous material. 

5 SUMMARY OF THE INVENTION 

In a first aspect, the present invention relates to an 
optical fiber having an axial direction and a cross 
section perpendicular to said axial direction. 

10 

The optical fiber has negative dispersion in the vicinity 
of a predetermined wavelength. The optical fiber is 
characterised by a number of regions: 

15 1) a first core region being positioned substantially in 
a center of the optical fiber, the first core region 
comprising a first core material of refractive index, 
N c0 ,i. In the present context, "positioned substantially 7 ' 
means that it is desired to have the first core placed in 

2 0 the center, but manners of production may introduce minor 
structural deviations such that a center of the first 
core region and a center of the whole optical fiber may 
not coincide. Also, the optical fiber may have a non- 
circular outer shape in the cross section, making the 

25 definition of a center of the optical fiber less 
stringent. In the case of a non-circular outer shape, the 
center is determined as the center-of-gravity of a two- 
dimensional element with the same outer shape as the 
optical fiber. 

30 

2) a first cladding region surrounding the first core 
region, the first cladding region comprises a multi- 
plicity of spaced apart first cladding features that are 
elongated in the axial direction and ' disposed in the 
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first cladding material, said first cladding material 
having a refractive index N c i,i; 

3) a second core region surrounding the first cladding 
5 region, the second core region comprising a second core 

material of refractive index, N co ,2/ and the second core 
region having a substantially annular shape in the cross 
section. Since the interface between the inner cladding 
and the outer core may be an interface where at least on 

10 one side there is a microstructure (the inner cladding 
region) , the interface may not necessarily be seen as a 
smooth interface (e.g. in the case of the two regions 
having identical background refractive indices) . There- 
fore, the shape of the outer core region may not neces- 

15 sarily be a viewed as a smooth ring-like shape - hence 
the wording "substantially annular shape"; 

4) a second cladding region surrounding the second core 
region, the second cladding region comprising a second 

20 cladding material of refractive index, N c i /2 , and the 
second cladding region having a substantially annular 
shape in the cross section. In the present context, the 
wording "substantially annular shape" is used for the 
same reasons as discussed above. 

25 

Typically, the predetermined wavelength is in a range 
from 1.3 pm to 1.7 pm r such as from around 1.5 pm to 
1 . 62 ]im. 

30 In a preferred embodiment, the optical fiber has a higher 
refractive index in the first core region than in the 
second core region. 

In another preferred embodiment, the optical fiber has 
35 identical refractive index in the first core region and 
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in the second core region. This allows for example to 
manufacture the fiber in a single material, such as e.g. 
pure silica. 

5 In a preferred embodiment, the optical fiber has a lower 
refractive index in the first core region than in the 
second core region. This allows for example to have a 
very large mode field diameter. 

10 In another preferred embodiment, the first cladding 
region has a substantially annular shape in the cross 
section. The wording "substantially" being used for the 
same reasons as previously discussed. 

15 In another preferred embodiment, the optical fiber has a 
first inscribed core diameter, D C0/ i/ being larger than 3 
times said predetermined wavelength, such as larger than 
5 times said predetermined wavelength, such as larger 
than 7 times said predetermined wavelength, such as 

20 larger than 10 times said predetermined wavelength. 

In another preferred embodiment, D co ,i is in the range 
from 4 pm to 25 ytm, such as in the range from 4.0 |m to 
5.0 pm, such as in the range from 5.0 jam to 6.5 pm, such 
25 as in the range from 6.5 pm to 10.0 pm, such as in the 
range from 10.0 pm to 25.0 pm. 

In another preferred embodiment, the first core region 
has a varying refractive index profile, said varying 
30 refractive index profile having a highest refractive 
index equal to N co ,i/ and said varying index profile being 
characterised by an □-profile, where □ is in the range 
from 0 to 100, such as □ equal to 2, 3 or higher. 
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In another preferred embodiment, the second core region 
is a homogeneous region. 

In another preferred embodiment, the second core region 
5 is microstructured. This increases the effective 
refractive index ranges that are available for the second 
core region without the use of doping . 

In another preferred embodiment, the microstructured 
10 features in the second core are positioned substantially 
circularly symmetric with respect to a center of said 
first core region. This is preferred in order to lower 
polarisation mode dispersion (PMD) in the fiber. 

15 An optical fiber according to any one of the preceding 
claims, wherein said second core features are arranged in 
a single layer surrounding said first core region, such 
that a distance from a second core feature to a center of 
said first core region is substantially identical for all 

20 second core features. This is preferred in order to lower 
PMD, and further preferred for ease of fabrication. 

In another preferred embodiment, the second core features 
are arranged in two or more layers surrounding said first 
25 core region. This is preferred to reduce bending losses. 

In another preferred embodiment, the number of second 
core features is equal to or larger than 6, such as equal 
to or larger than 18. A high number is preferred to 
30 modify the effective refractive index of the second core 
region. 

In another preferred embodiment, the second core features 
have a diameter D co ,2 and a center-to-center spacing 
35 between nearest second core features of A co ,2, and 
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Dco,2/Ac 0 ,2 is in the range from 0.01 to 0.5, such as from 
0.1 to 0.2. Generally, the microstructured features in 
the second core should be relatively small in order to 
ensure the possibility of the second core to support a 
5 limited number of modes. 

In another preferred embodiment, D CO/ 2 is in the range 
from 0.1 pm to 5 ]m. Typically, this is the design param- 
eter range that provides strongest dispersion. 

10 

In another preferred embodiment, 7JA COt2 is in the range 
from 0.2 pm to 20 pm. Typically, this is the design 
parameter range that provides strongest dispersion. 

15 In another preferred embodiment, the first cladding 
features are positioned substantially circularly symme- 
tric with respect to a center of said first core region. 
This is preferred to lower PMD in the fiber. 

20 In another preferred embodiment, the first cladding 
features are arranged in a single layer surrounding said 
first core region, such that a distance from a first 
cladding feature to a center of said first core region is 
substantially identical for all first cladding features. 

25 This is preferred to lower PMD in the fiber. 

In another preferred embodiment, the said first cladding 
features are arranged in two or more layers surrounding 
said first core region. This is preferred to lower 
30 bending losses in the fibers and/or to provide stronger 
dispersion. 

In another preferred embodiment, the number of said first 
cladding features is equal to or larger than 3, such as 
35 equal to or larger than 6, such as equal to or larger 
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than 8, such as equal to or larger than 18. This range of 
numbers of features allows for tailoring of the bi- 
refringence of the fiber to a large degree. Higher 
numbers of features may be desired to provide low PMD for 
5 example through more circular symmetric feature ar- 
rangements . 

In another preferred embodiment, the first cladding fea- 
tures have a diameter D c i,i and a center-to-center spacing 

10 between nearest first cladding features of A c i,i, and 
D c i,i/Aci,i is in the range from 0.2 to 0.8, such as from 
0.4 to 0.6. To provide strong dispersion, relatively 
large features are required. Hence, the features should 
be large enough to provide a buffer region between the 

15 two cores. 

In another preferred embodiment, D ci/ i is in the range 
from 0.1 pm to 10 pm. Typically, this range provides the 
most attractive design parameter range in order to obtain 
20 strong dispersion for wavelengths around 1.55 pm. 

In another preferred embodiment, A c i,i is in the range 
from 0.2 pm to 20 pm. Typically, this range provides the 
most attractive design parameter range in order to obtain 
25 strong dispersion for wavelengths around 1.55 pm. 

In another preferred embodiment, D c i,i/A c i,i is larger than 
D CO/ 2/A C o,2- This is preferred to ensure that the first 
cladding region acts as a buffer between the two cores. 

30 

In another preferred embodiment, the second cladding re- 
gion comprises a multiplicity of spaced apart second 
cladding features that are elongated in the axial 
direction and disposed in said second cladding material. 
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This provides further means for tailoring the dispersion 
properties of the fiber. 

In another preferred embodiment, second cladding features 
5 have a diameter D c i, 2 and a center-to-center spacing 
between nearest second cladding features of Del, 2, where 
Dei, 2 /Ad, 2 is in the range from 0.01 to 0.5, such as from 
0.1 to 0.2. It is often preferred that these features are 
comparable to the features of the second core. It may be 

10 preferred that the second core is only weakly guiding or 
has a cut-off close to or around the operational wave- 
length. Hence the second cladding features may be 
preferred to have a limited size in order to not provide 
strong confinement for the second core - or alternatively 

15 not to provide confinement of a high number of modes in 
the second core. 

In another preferred embodiment , D c i,2 is in the range 
from 0.1 pro to 5 pm. In accordance with the above-stated 
20 preferred embodiment, this is preferred to have the 
second cladding features being comparable in size to the 
second core features. Similarly, it is further preferred 
that A c i /2 is in the range from 0.2 p to 20 pm. 

25 In another preferred embodiment, A ci/ i is larger than 
A c i,2- This is preferred in order to allow the first and 
second cladding regions to have the same background 
material, but the effective refractive index of the two 
regions to be different at a given wavelength, such as 

30 the predetermined wavelength. In particular, it is 
preferred to have A ci/1 larger or equal to 3A c i,2 as such a 
ratio may easily be realised using well known methods for 
fabricating microstructured fibers, such as methods 
employing stacking of capillary tubes. 

35 
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In another preferred embodiment, A c i,i is substantially 
identical to A c i,2- This may be preferred as similar 
pitches (i.e. center-to-center features spacing or lat- 
tice period in the case of cladding comprising periodic 
5 feature arrangements) often allow simple fabrication, 
thereby improving reproducibility of the fiber. 

In another preferred embodiment, D c i,i is larger than 
D c i, 2 . This is preferred in order for the first cladding 
10 region to have a lower effective, refractive index than 
the second cladding. 

In another preferred embodiment, D c i,i/A c i f i and D c i,2/A c i,2 
are substantially identical. This may be preferred as 
15 similar hole and pitch sizes provide the simplest fabri- 
cation, thereby improving reproducibility of the fiber. 

In another preferred embodiment, the optical fiber com- 
prises one or more glass materials. 

20 

In another preferred embodiment, the optical fiber com- 
prises silica. 

In another preferred embodiment, the optical fiber cora- 
25 prises polymer. 

In another preferred embodiment, the first cladding fea- 
tures, second core features, and/or second cladding fea- 
tures are voids comprising vacuum, air, or another gas. 

30 

In another preferred embodiment, the optical fiber has a 
non-circular shape of the outer cladding, such as a non- 
polygonal shape, such as an elliptical shape. This may be 
advantageous for a range of reasons - for example for 
35 fibers with high birefringence (for example for handling 
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splicing issues), or to ensure bending in certain 
preferred directions. 

In another preferred embodiment, the outer shape has a 
5 predetermined orientation in the cross section, the 
predetermined orientation being determined from the 
position of said first cladding features. This may be 
preferred to further ensure bending in certain preferred 
directions with respect to the actual directions in the 
10 microstructure in and/or around the core region. Also for 
polarisation maintaining, dispersion compensating fibers 
-this is preferred. 

In another preferred embodiment, the first core region 
15 has a non-circular shape in the cross section, such as an 
elliptical shape. This is preferred to provide a high 
birefringence in the optical fiber. 

In another preferred embodiment, the first cladding 
20 region has a non-circular, inner shape in the cross 
section, such as an elliptical, inner shape, providing a 
high birefringence in the optical fiber. This is further 
preferred for polarisation maintaining, dispersion 
compensating fiber applications. 

25 

In another preferred embodiment, the optical fiber guides 
light at predetermined wavelength in a single mode. 

In another preferred embodiment, the optical fiber guides 
30 light at predetermined wavelength in a higher order mode. 
This is preferred as higher order modes may provide even 
stronger dispersion than the fundamental mode including 
the possibility of strong positive dispersion. 
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■ In another preferred embodiment, the invention covers an 
article comprising a module , where the module is employed 
for dispersion compensation in an optical communication 
system, and the module comprising an optical fiber 
5 according to 'the invention. 

In a second aspect, the present invention relates to an 
optical fiber having an axial direction and a cross 
section perpendicular to said axial direction. The opti- 
10 cal fiber has positive dispersion in the vicinity of a 
predetermined wavelength. The optical fiber is char- 
acterised by a number of regions: 

1) a first core region being positioned substantially in 
15 a center of the optical fiber, the first core region 
comprising a first core material of refractive index, 
N co ,i. In the present context, "positioned substantially" 
means that it is desired to have the first core placed in 
the center, but manners of production may introduce minor 
20 structural deviations such that a center of the first 
core region and a center of the whole optical fiber may 
not coincide. Also, the optical fiber may have a non- 
circular outer shape in the cross section, making the 
definition of a center of the optical fiber less 
25 stringent. In the case of a non-circular outer shape, the 
center is determined as the center-of-gravity of a two- 
dimensional element with the same outer shape as the 
optical fiber. 

30 2) a first cladding region surrounding the first core 
region, the first cladding region comprises a multi- 
plicity of spaced apart first cladding features that are 
elongated in the axial direction and disposed in the 
first cladding material, said first cladding material 

35 having a refractive index N ci/1 ; 
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3) a second core region surrounding the first cladding 
region, the second core region comprising a second core 
material of refractive index, N C0/2 , and the second core 

5 region having a substantially annular shape in the cross 
section. Since the interface between the inner cladding 
and the outer core may be an interface where at least on 
one side there is a microstructure (the inner cladding 
region) , the interface may not necessarily be seen as a 
10 smooth interface (e.g. in the case of the two regions 
having identical background refractive indices) . There- 
fore, the shape of the outer core region may not neces- 
sarily be viewed as a smooth ring-like shape - hence the 
wording " substantially annular shape"; 

15 

4) a second cladding region surrounding the second core 
region, the second cladding region comprising a second 
cladding material of refractive index, N c i, 2 , and the 
second cladding region having a substantially annular 

20 shape in the cross section. In the present context, the 
wording "substantially annular shape" is used for the 
same reasons as discussed above. 

In a preferred embodiment, the predetermined wavelength 
25 is in a range from 1.3 pm to 1-7 \xm, such as from around 
1.5 pm to 1 . 62 jam. 

In another preferred embodiment, the optical fiber guides 
light at the predetermined wavelength in a higher-order 
30 mode. This is preferred as a higher order mode in a fiber 
according to the present invention may exhibit a very 
high positive dispersion or a very high negative dis- 
persion. 
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In a preferred embodiment, the present invention covers 
an article (this being a fiber optical communication 
system or parts thereof) that includes a module being em- 
ployed for dispersion compensation in an optical communi- 
5 cation system. The module comprises an optical fiber ac- 
cording to the present invention. 

In another preferred embodiment, the present invention 
covers an article that comprises a mode-converter that 
10 enables coupling from a conventional single. mode fiber to 
an optical fiber according to the present invention. 

Finally, it should be mentioned that the present 
invention covers both fibers that guide light by a 
15 modified version of total internal reflection as' well as 
fibers that guide light by photonic band gap effects. 

Glossary and definitions 

20 For microstructures, a directly measurable quantity is 
the so-called "filling fraction" that is the volume of 
disposed features in a microstructure relative to the 
total volume of a microstructure. For fibers that are 
invariant in the axial fiber direction, the filling frac- 

25 tion may be determined from direct inspection of the 
fiber cross-section, e.g. using inspection methods known 
in the art. 

In this application we distinguish between "refractive 
30 index", "geometrical index" and "effective index". The 
refractive index is the conventional refractive index of 
a homogeneous material - naturally, this is also used to 
describe the refractive indices of the various materials 
themselves in a microstructured medium. The geometrical 
35 index of a structure is the geometrically weighted re- 
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fractive index of the structure. As an example, a micro- 
structure consisting of air features that occupy 40% of 
the structure (the air features themselves having a re- 
fractive index =1.0) and a background material of silica 
5 (the silica background material having a refractive index 
» 1.45) has a geometrical index of 0.4x1.0+0.6x1.45= 
1.27. The procedure of determining the effective refrac- 
tive index, which for short is referred to as the effec- 
tive index, of a given micro-structure at a given wave- 
10 length is well-known to those skilled in the art (see 
e.g., Joannopoulos et al., "Photonic Crystals", Princeton 
University Press, 1995, or Broeng et al., Optical Fiber 
Technology, Vol. 5, pp. 305-330, 1999). 

15 Usually, a numerical method capable of solving Maxwell's 
equation on full vectorial form is required for accurate 
determination of the effective indices of microstruc- 
tures. The present invention makes use of employing such 
a method that has been well documented in the literature 

20 (see previous Joannopoulos-ref erence) . In the long-wave- 
length regime, the effective index is roughly identical 
to the weighted average of the refractive indices of the 
constituents of the material, that is, the effective in- 
dex is close to the geometrical index in this wavelength 

25 regime. 

3. BRIEF DESCRIPTION OF THE DRAWINGS 

30 In the following, by way of examples only, the invention 
is further disclosed with detailed description of pre- 
ferred embodiments. Reference is made to the drawings in 
which: 
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Fig. la (prior art) shows schematically the refractive 
index profile of a conventional step-index fiber. 

Fig. lb (prior art) shows schematically the cross-section 
5 of an equivalent index-guiding photonic crystal fiber. 

Fig. 2a (prior art) shows schematically the refractive 
index profile of a conventional W-type fiber generally 
suggested for dispersion management. 

10 

Fig. 2b (prior art) shows schematically the cross-section 
of a microstructured fiber with two different air-void 
dimensions used to obtain an effective index profile of 
the W-type. 

15 

Fig. 3a (prior art) shows schematically the refractive 
index profile of a conventional triple-clad fiber of a 
type generally used for standard dispersion compensating 
fibers . 

20 

Fig. 3b (prior art) shows schematically the cross-section 
of a microstructured fiber with three different air-void 
dimensions used to obtain an effective index profile of 
the triple-clad type. 

25 

Fig. 4 (prior art) shows the effective index of micro- 
structures comprising air holes as a function of nor- 
malised wavelength for different air hole dimensions for. 

30 Fig. 5 (prior art) shows schematically the cross-section 
of a microstructured fiber for dispersion compensation, 
the fiber having a doped central core surrounded by an 
annular inner cladding section containing larger air 
holes than those used to form the microstructured outer 
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cladding; The fiber comprises further a high-index 
features in the center of the core. 

Fig. 6 (prior art) shows the effective mode indices of 
5 periodic outer cladding regions and of .a hypothetical 
honeycomb structures shown in Fig. 5 (representing the 
central fiber region) as a function of the normalised 
wavelength. Curves are shown for honeycomb structures 
with different air-hole dimensions. 

10 

Fig. 7 shows the effective mode indices of periodic outer 
cladding regions and of a hypothetical honeycomb struc- 
tures (representing the central fiber region) as a func- 
tion of the normalised wavelength. Curves are shown for 
15 different doping levels in the central core, and for dif- 
ferent honeycomb air-hole dimensions. 

Fig. 8 (embodiment) shows schematically the cross-section 
of microstructured fiber for dispersion compensation, the 

20 fiber having a doped central core surrounded by an an- 
nular inner cladding section containing larger air holes 
than those used to form the microstructured outer clad- 
ding. Between the inner and outer cladding regions, a 
higher effective index is obtained in an annular segment, 

25 where air holes have been removed (compared to the outer 
cladding) . 

Fig. 9 shows a simulation of the mode indices for a fiber 
according to the present invention. 

30 

Fig. 10 shows a simulation of the dispersion of a disper- 
sion-compensating fiber according to the present inven- 
tion. 
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Fig. 11 shows the field distribution of the fundamental 
mode for a microstructured fiber according to the inven- 
tion. 

5 Fig. 12 shows schematically a fiber according to the 
present invention where the outer cladding is homogeneous 
and a) the outer core comprises high-index features or b) 
the outer core comprises an annular high-index region. 

10 Fig. 13 shows qualitatively the operation of a dispersion 
compensation fiber according to the present invention 
that may have large negative dispersion and low bending 
losses . 

15 Fig. 14 shows schematically a preferred positioning of 
low-index features in the inner cladding and of high- 
index features in the outer core with respect to each 
other. 

20 Fig. 15 shows schematically a fiber according to the 
present invention where the outer cladding is homogeneous 
and comprises a material different from the background 
material of the inner cladding and of the outer core. 
Typically, the outer cladding material has a lower re- 

25 fractive index than the background material of the inner 
cladding and of the outer core. 

Fig. 16 shows a simulation of the mode indices for 
another fiber according to the present invention. 

30 

Fig. 17 shows a simulation of the dispersion of a range 
of fibers according to the present invention. 

Fig. 18 shows a simulation of the wavelength of strongest 
35 negative dispersion and the corresponding hole spacing 
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for a range of fibers according to the present invention 
designed for operation around 1550 nm. 

Fig. 19 shows a simulation of the strongest negative dis- 
5 persion value of a range of fibers according to the 
present invention. 

Fig. 20 shows a simulation of the width of the dispersion 
"dip" of a range of fibers according to the present 
10 invention. 

Fig. 21 shows a simulation of the dispersion and relative 
dispersion slope for a fiber according to the present 
. invention. 

15 

Fig. 22 shows a simulation of the dispersion and relative 
dispersion slope for another fiber according to the pre- 
sent invention. 

20 Fig. 23 shows a simulation of the dispersion and relative 
dispersion slope for yet another fiber ' according to the 
present invention . 

Fig. 24 illustrates the operation of another fiber ac- 
25 cording to the present invention. The figure illustrates 
the possibility of using higher order modes in the cen- 
tral core for dispersion compensating applications for 
fibers according to the present invention. 

30 Fig. 25 shows a schematic example of another fiber ac- 
cording to the present invention. 



Fig. 26 illustrates the operation of a fiber according to 
the present invention having an outer core with the same 
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refractive index as the refractive index of the inner 
cladding region. 

Fig. 27 illustrates the operation of a fiber according to 
5 the present invention being comparable to the fiber in 
the previous figure, but with a larger size of the outer 
core. 

Fig. 28 shows a simulation of the dispersion and the ef- 
10 fective area of the fiber of the previous figure. 

Fig. 29 shows a simulation of the dispersion and the 
effective area of a fiber according to the present inven- 
tion having a high-index core not being in contact with 
15 the inner cladding. 

Fig. 30 shows a comparison of the effective area of the 
fibers in the two previous figures. 

20 Fig. 31 shows a comparison of the dispersion of the 
fibers in Fig. 28 and 29. 

Fig. 32 shows schematically the cross-section of a micro- 
structured fiber for dispersion compensation, the fiber 

25 has a core with a doped feature, the. core being sur- 
rounded by an annular inner cladding section containing 
more closely placed air holes than those used to form the 
microstructured outer cladding. Between the inner and ou- 
ter cladding regions, a higher effective index is ob- 

30 tained in an annular segment, where air holes have been 
removed (compared to the outer cladding) . 

Fig. 33 shows schematically the cross-section of a micro- 
structured fiber for dispersion compensation, the fiber 
35 having a core with a doped portion and the core is sur- 
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rounded by an annular inner cladding section containing 
more closely placed air holes than those used to form the 
microstructured outer cladding. Compared to the previous 
figure , additional air holes have been removed in the 
5 outer core region. 

Fig. 34 schematically shows the cross-section of a micro- 
structured fiber according to the invention, in which the 
outer core comprises high-index features. 

10 

Fig. 35 schematically shows the cross-section of a micro- 
structured fiber according to the invention, in which the 
outer core comprises a single annular feature with a 
higher refractive index than the outer cladding back- 
15 ground material. 

Fig. 36 schematically shows the cross-section of a micro- 
structured fiber according to the invention, in which the 
outer cladding is formed by air holes placed in concen- 
20 trie circles. 

Fig. 37 schematically shows the cross-section of a micro- 
structured fiber according to the invention, in which the 
outer cladding is formed by air-holes placed in concen- 
25 trie circles, and where the inner cladding is formed by 
air holes of a non-circular cross section, a) Four glass 
segments are used to keep the central part of the fiber 
in place, b) Three glass segments are used to keep the 
central part of the fiber in place. 

30 

Fig. 38 shows schematically the effective index variation 
of microstructures that may be utilised for realising 
fibers according to the present invention with a core 
comprising material with a maximum refractive index being 
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lower than a highest refractive index of any material in 
the remainder of the fiber. 

Fig. 39 schematically shows the cross-section of a micro- 
5 structured photonic band gap fiber according to the 
invention. A honeycomb-structured cladding has been used, 
and the core is formed by an additional hole. Surrounding 
the central hole is a doped region. 

10 Fig. 40 schematically shows the cross-section of a micro- 
structured photonic band gap fibre according to the 
invention. The fiber contains an annular ring with a 
number of additional air holes placed to enhance the 
dispersion compensating properties of the PBG fiber, and 

15 the outer core comprises small low-index features. 

Fig. 41 illustrates the effective index of a band gap 
guided mode in a fiber structure according to the inven- 
tion. 

20 

Fig. 42 shows a simulation of the inverse group velocity 
dispersion that may be obtained for fibers according to 
the present invention. 

25 Fig. 43 shows microscope pictures of a real fiber accord- 
ing to the present invention. The figure further shows 
the dispersion characteristics of the fiber at wave- 
lengths around 1550 rati. 

30 Figs. 44a-44c show microscope pictures of another real 
fiber according to the present invention. The figure 
further shows the dispersion characteristics of the fiber 
at wavelengths around 1550 ran. 
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Figs. 45a-45c show another example of a real fiber 
according to the present invention. 

Figs. 4 6a-4 6b provide a schematic example of a fiber 
5 according to the present invention. 

Figs. 47a-47b provide a similar schematic example. 

10 4. DETAILED DESCRIPTION 

In Fig. la, the index profile of standard step-index fi- 
ber design according to prior-art is illustrated. In this 
type of fiber design, the core region 101 is generally 

15 formed by a narrow circular section, which is strongly 
co-doped by germanium to provide the raised index in 
comparison with the surrounding cladding region 102. It 
should, however, be noted that the fiber also may be re- 
alised by an un-doped (pure silica) core surrounded by a 

20 doped cladding region (typically F-doped silica) . The de- 
sign also includes a thin solid rod of glass placed in 
air (or vacuum) or even another lower index material com- 
pared to the core glass. In Fig. lb, the equivalent mi- 
crostructured fiber is shown schematically. In this rea- 

25 lisation, an un-doped core 103 is surrounded by a clad- 
ding 104 that is formed by placing air holes 105 - or 
voids - in a silica background material. This realisation 
of the cladding provides an average refractive cladding 
index, which is lower than the refractive index of the 

30 core. The inscribed, dashed circle 106 in Fig. lb indi- 
cates one division between the core region and the 
cladding region - defining the core diameter, D co , as the 
inscribed diameter. 
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In Fig. 2a, the refractive index profile of a prior art 
fiber of the so-called w-profile type is illustrated. 
This type of refractive index is characterised by a core 
201 - typically formed by an index raised by germanium 
5 co-doping. The core is surrounded by a depressed (typi- 
cally through flour co-doping) cladding region 202, and 
this inner cladding region is surrounded by an outer 
cladding 203, which typically is realised in pure silica. 
As described in the background description of the inven- 
10 tion, these fibers operate by a spectrally dependent ef- 
fective mode index, which is related to spectrally depen- 
dent power redistribution of the fundamental mode. 

Fig. 2b (prior art) illustrates an example of a micro- 
structured fiber realised to form an equivalent to the W- 
profile fiber of standard technology. Here, the core is 
formed by a solid core region 204 surrounded by an inner 
cladding region 205 in which air holes 206 is placed. 
Since the air holes 206 of the inner cladding region have 
a larger cross section than the air holes 208 of the 
outer cladding 207, the effective index of the inner 
cladding becomes smaller than that of the outer cladding. 
Generally, this type of W-profile fiber will show 
significant macro-bending losses near the wavelength 
where a significant negative dispersion is obtained. 

In Fig. 3a (prior art), the index profile of a triple- 
cladding standard optical fiber for dispersion 
compensation (DCF) is illustrated. A DCF of this type has 
30 a narrow highly-doped core 301 (typically germanium is 
used as index raising dopant) surrounded by a depressed 
cladding 302 (typically flour-doped to refractive index 
levels in the order of -0.5 %) This germanium doping in 
the central part of the fiber may typically result in an 
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increase of the refractive index of 2-3 % using rather 
narrow core radii in the order of 1-2 |jm. The highly do- 
ped core is favourable as it enables a high negative dis- 
persion, but the drawback is increased attenuation (as 
5 described by Gruner-Nielsen et al., ECOC'2000, pp. 91-94). 
The depressed cladding decreases the dispersion and is 
necessary to obtain negative dispersion slope around 1550 
nm. Another index ring 303 with raised index compared to 
the cladding is often introduced to improve bending pro- 
10 perties, but the refractive index is normally not raised 
much above 0.5 %, since a high index value will lead to 
multimode operation of the fiber. Outermost the fiber has 
a pure silica cladding 304. 

15 Fig. 3b (prior art) illustrates the transversal cross 
section of a microstructured optical fiber designed to 
make use of similar (but enhanced) properties compared to 
standard fiber technology. The illustration shows the 
core 305 formed by a solid material. The core is sur- 

20 rounded by an inner cladding 306 in which air holes 
having relatively large cross sections 307 are placed to 
form an effective depressed cladding. The inner cladding 
is, furthermore, surrounded by a second region 308 in 
which small air holes 309 are placed to form a higher ef- 

25 fective index compared to that of the inner cladding re- 
gion 306. Finally, the waveguide consist of an outermost 
cladding 310 in which air holes 311 of a medium size 
(compared to those of the inner regions) are placed. 

30 It should be noted that we throughout this description 
generally will assume that the basis material is silica 
or doped silica, since this is the most commonly used 
material for fabrication of optical fibers. However, the 
principles and ideas behind the invention is not limited 
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to these material combinations, and it may for future 
applications, where new spectral ranges of the optical 
fiber technology is explored, be more advantageous to use 
different material compositions, such as (but not limited 
5 to) different compound glasses (e.g. chalcogenide) , poly- 
mers and/or low-melting point glasses. 

Microstructured fibers are generally divided into two 
types depending on the physical mechanism responsible for 

10 the light guidance: index-guiding microstructured fibers 
are characterised by a core having a higher refractive 
index than a surrounding cladding region (as known from 
conventional optical fibers), and photonic band gap 
micro-structured fibres are characterised by a core 

15 having effectively a lower refractive index than a 
surrounding cladding region having periodically dis- 
tributed features (see Broeng et al, Optical Fiber 
Technology, Vol. 5, pp. 305-330, 1999 for a presentation 
of the classification of the two groups) . While the 

20 physical mechanism causing the waveguidance in the two 
types of microstructured fibers is different, the 
improvements disclosed by the present inventors relate to 
both types of microstructured fibers. 

25 In Fig. 4 (prior art) is depicted how the effective index 
of the fundamental space filling mode (the "effective 
refractive index"), p/k, of a periodic structure varies 
with the normalised wavelength, X/A. Here X is the free 
space wavelength of light, A is the distance between the 

30 centres of two nearest neighbouring air holes, 0 is the 
propagation constant and k is the free space wave -number, 
all of which are well known by those skilled in the art. 
The periodic structure consists of circular air holes 
(the refractive index of air is 1.0 in the calculations) 
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placed on a triangular lattice on a silica background 
(the refractive index of silica has been approximated by 
a refractive index of 1.45). Three curves are shown: the 
curve at the top 401 is for a periodic structure where 
5 the air holes are placed in a triangular lattice (also 
known as close-packed arrangement) and have a diameter, 
d, of 0.2A, where A is the lattice period (equal to the 
center-to-center of the air holes for the triangular lat- 
tice) . The curve 402 is for a similar structure but with 

10 d=0.3A, while the curve at the bottom 403 is for a sim- 
ilar structure but with d=0.5A. Notice that the effec- 
tive refractive index is low and not strongly dependent 
on the wavelength when the wavelength, X, is large com- 
pared to the structural size (symbolised by A) . It is 

15 known from the prior art that a low refractive index of 
the cladding is an advantage if strong dispersion compen- ■ 
sation is desired. 

If a photonic crystal fiber (PCF) with a silica core re- 
20 gion (see Fig. lb), surrounded by a periodic cladding 
region (such as the ones for which effective indices have 
been calculated as shown in Fig. 4) is to be used as a 
dispersion compensating fiber one may, therefore, assume 
that an. inner cladding region with a small pitch, com- 
25 pared to the wavelength, is to be used, since this gives 
the lowest cladding index according to the effective in- 
dex curves for periodic structures shown in Fig. 4. 

Furthermore, since the effective index of the cladding 
30 according to Fig. 4 is lowest when large air filling 
fractions are employed, one may assume that one should 
employ cladding structures with large air-filling frac- 
tions to obtain maximum dispersion compensation. This is 
in agreement with the teachings by Birks et al. in IEEE 
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Photonics Technology Letters, Vol. 11, pp. 674-76, 1999 
and Optical Fiber Communication Conference, FG2-1, 
pp. 108-10. 1999, and DiGiovanni et al. in US 5,802,236. 
In the Birks-references, the cladding index is assumed to 
5 be one (which is of course less than the actual index of 
any real life microstructured cladding), while the core 
is supposed to be a circular glass-rod of very small di- 
ameter (0.4-1.2 pm) . 

10 According to the invention, PCFs for dispersion compen- 
sating purposes can, therefore, be made with a cross- 
section similar to the one shown schematically in 
Fig. lb. If the air-filling fraction of the cladding is 
large, the group velocity dispersion will typically have 

15 minimum values when the inter-hole distance of the clad- 
ding is small compared to the wavelength. This cor- 
responds to a core diameter, which is small compared to 
the wavelength, in agreement with the findings by Birks 
et al. One should notice that a number of problems are 

20 associated with small core sizes: coupling light into the 
fiber using standard splicing techniques is associated 
with significant coupling losses because of a poor mode- 
overlap with the standard fiber coupled from or to. This 
is well understood by those skilled in the art. Further, 

25 small core sizes enhance non-linear effects in the high 
bit rate systems of the future. This is also well under- 
stood by those skilled in the art. However, the group 
velocity dispersion values that may be obtained, using 
the schematic design shown in Fig. lb, are very impres- 

30 sive: group velocity dispersion may be as low as -2000 
ps/nm/km according to Birks et al. 

It is a disadvantage of the microstructured fibers with a 
cross-section similar to the one depicted in Fig. lb with 
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group velocity dispersion less than -400 ps/nm/km, that 
the fibers have small core size of around or less than 
1 urn and, therefore, poor coupling coefficient to stan- 
dard optical fibers. 

5 

It is a further disadvantage of the microstructured fi- 
bers with a cross-section similar to the one depicted in 
Fig. lb with group velocity dispersion less than -400 
ps/nm/km, that the fibers have small effective mode-areas 
10 and, therefore, suffer from non-linear effects in the 
future high bit rate transmission system. Such fibers 
would, therefore, have a detrimental effect on the bit 
rates that can be transmitted by the future multi-gigabit 
systems . 

15 

The present inventors have realised that a number of ways 
exist of designing microstructured fibers with large 
negative group velocity dispersion, while avoiding the 
small core sizes that results from the large index con- 

20 trast inherent in the designs suggested so far for dis- 
persion compensating PCFs. To understand the basic idea, 
consider again the mode-indices of Fig. 4. If one could 
design a fiber with a core index that abruptly rises 
above the cladding index as the frequency is increased, 

25 one would obtain a mode-index that curves upward in an 
index plot similar to . the index plot shown in Fig. 4. 
This corresponds to large negative group velocity 
dispersion, GVD, according to the formula for group 
velocity dispersion: 

Xd 2 n 



30 



The only apparent problem with this approach is that the 
index curves shown in Fig. 4 never seem to cross. How- 
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ever, the index curves shown in Fig. 4 are for a specific 
class of periodic structures. The problem has already 
been solved for microstructured fibers of the prior art: 
By enlarging the inner cladding air-holes, such as shown 
5 schematically on Fig. 2b, the field is not allowed to be 
guided in the core region with a mode-index, which ex- 
ceeds that of the cladding index at large wavelengths. At 
some wavelength, the mode-index of the fundamental clad- 
ding mode rises very abruptly, leading to large negative 

10 group velocity dispersion over a limited wavelength 
range. This is because the fundamental mode is localised 
within the central core region at short wavelengths, 
which causes the mode-index to rise abruptly, while the 
mode at the same time becomes guided. Unfortunately, this 

15 abrupt rise in mode-index happens, when the core region 
is relatively small compared to the core region of stan- 
dard optical fibers, thus giving the same problems with 
non-linear effects and poor coupling as the basic fiber 
design depicted in Fig. la. 

20 

The present inventors have realized, however, that by 
doping the central core region, giving it an index of 
refraction that is higher than the index of refraction of 
the background material of the cladding region, one may 

25 obtain large negative group velocity dispersion, while 
having larger core regions than the core regions of the 
prior art fibers. Such a design is shown schematically in 
Fig. 5, which shows the higher refractive index of the 
core region 500, the inner cladding air holes 501, the 

30 outer cladding air holes 502 and the background material 
503 with a lower refractive index than 500. It should be 
noticed that the doped core is not in contact with the 
inner cladding features 501. As shall be discussed in 
more details later, in connection with Fig. 31, the pre- 
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sent inventors have realized that this provides an ad- 
vantageous design direction for lowering the mode field 
overlap with the low-index features and thereby lowering 
potential loss-mechanisms associated with the low-index 
5 features and their interfaces with the background mate- 
rial of the fiber (such as absorption and scattering) . 

In Fig. 6 (prior art) there is illustrated a number of 
mode-indices of periodic structures, which illustrates 

10 why effective dispersion compensation may be obtained by 
a fiber design as illustrated in Fig. 5. The curve at the 
top 601 repeats the effective index of the curve 4 01 of 
Fig. 4 - this curve is referred to as the outer cladding 
index, since it is supposed to represent the outer clad- 

15 ding structure of the micro-structured fiber shown in 
Fig. 5 (502 and 503) . The illustration also shows the ef- 
fective indices of hypothetical honeycomb periodic struc- 
tures, where the background has an index of refraction of 
1.46. In a sense, these honeycomb structures may repre- 

20 sent a periodic version of the central core region and 
its surrounding 6 holes of inner cladding structure - see 
for example Riishede et al. Proc. 27th Eur. Conf. On Opt. 
Comm (ECOC'01), pp. Th.A.1.5, 2001. Three curves are 
shown: curve 602 corresponds to a honeycomb-structure 

25 with a hole diameter, d, of 50% of the inter-hole 
distance, A, (center-to-center), 603 corresponds to 
d=0.6A, and 604 corresponds to d=0.7A. The present 
inventors have realized that any strictly guided modes 
must have an effective index that lies above the effec- 

30 tive cladding index, yet below the effective refractive 
index of the core region (approximated by the honeycomb- 
index) . 
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At some wavelength (X/A around 0.5-0.6 for the design pa- 
rameters of this example) , the honeycomb indices are seen 
from Fig. 6 to rise above that of the outer cladding 
index. This is caused by the higher refractive index of 
5 the central core region compared to the background re- 
fractive index of the cladding region. The central core, 
therefore, only guides light at shorter wavelengths than 
the wavelength, where the honeycomb index and the 
cladding index cross (to the left of the crossing point 

10 in Fig. 6). As before, the guiding is associated with the 
fundamental mode being localised to the core region, thus 
giving large negative group velocity dispersion, when the 
cladding index abruptly rises above the core index - here 
the mode field distribution of the fundamental mode will 

15 shift away from the central core. However, by doping the 
central core we can employ small holes - or complete eli- 
mination of these - in the outer cladding structure, and 
quite large holes in the inner cladding region, and still 
obtain a crossing wavelength. Actually, a crossing wave- 

20 length will always exist, if the core region has a region 
with higher refractive index than any index of refraction 
• in the outer cladding region. 

One may vary the hole-size and obtain different crossing 
25 points. Fig. 6 also illustrates that enlarging the inner 
cladding air holes moves the crossing point to the left. 
This is an advantage, since for a fixed operational 
wavelength, X, this corresponds to a larger structure 
size, A, and, therefore, a larger core region. To exem- 
30 plify; 602 crosses 601 at VA=0.57, 603 crosses 601 at 
VA=0.46 and 604 crosses 601 at X/A=0.44. Choosing 
X=1.55 jjtm as the operation wavelength this corresponds to 
A=2.72 \m for 602, A=3.37 \m for 603 and A=3.52 jam for 
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604. One can, therefore, adjust the core size corre- 
sponding to large negative group velocity dispersion 
relatively freely, by simply adjusting the inner cladding 
hole size. The above-mentioned A-values correspond to 
5 inscribed core diameters of between: 4 . 1 ]um for 602, 
4.7 pm for 603, and 4 . 6 jim for 604. 

Other possibilities of adjusting the core size to a de- 
sired value exist, however. The cladding index 601 is re- 

10 peated as 701, and the honeycomb index for a fiber with 
an inner cladding-hole diameter of 60% of the inter-hole 
distance 603 is repeated as 703 in Fig. 7. The diameter 
of the core region with refractive index of 1.46 is equal 
to the inter-hole distance in 703. In Fig. 7 is also 

15 shown the dramatic effect of changing the doping levels 
of the central core region: If the refractive index of 
the region with increased index is raised to 1.47 (curve 
702) while maintaining the diameter (relative to the hole 
distance) of the doped region, the crossing point may mo- 

20 ve significantly to the right (from X/A=0.4 6 to 
A,/A=0.72). This can be counter-acted by reducing the di- 
ameter of the doped region to 50% of the inter-hole dis- 
tance as shown by 704. For a wavelength of 1.55 jjici (curve 
702) corresponds to A= 2.15 jum, curve 703 corresponds to 

25 A=3.37 |uun and curve 704 corresponds to A=3.52 |jm at 
their respective crossings with curve 701. 

A large number of possibilities, therefore, exist for ad- 
justing the core size (and thereby the mode field diame- 
30 ter) with this design. These possibilities include: 



1) The value of the cladding index. The higher the clad- 
ding index the larger the core for a given core design. 
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The present inventors have realised that largest core 
region is obtained when the outer cladding is a homo- 
geneous material (such as pure, fused silica or silica 
glass doped with for example Fluorine) . 

5 

2) The size of the inner cladding air holes. 

3) The maximum of the refractive index in the doped core 
and the refractive index profile. Generally, a larger 

10 refractive index step between the central core and the 
background material of the outer cladding leads to a 
smaller core size as shown by Fig. 7. 

4) The diameter of the up-doped central part of the core 
15 region. Generally a smaller diameter leads to larger A, 

and thereby a larger core area, and larger mode field 
diameter, as shown by Fig. 7. 

The actual combination of parameters that should be em- 
20 ployed depends on the specific application of the micro- 
structured fiber. For dispersion and dispersion slope 
compensating applications, there is a general interest in 
core regions that are relatively large in order to 
eliminate degrading effects caused by non-linearity. The 
25 present invention, therefore, applies to fibers with a 
core diameter that is more than three times the free 
space wavelength of the light that should be dispersion 
compensated. For standard purposes (dispersion compensa- 
tion in the so-called communication window) this means 
30 that that the core diameter of the fibers of the present 
invention should be larger than 4.0 (jm. On the other 
hand, the design ideas outlined in the present invention 
may also be used to tailor the dispersion to zero or 
close-to-zero at wavelength around 1550 nm for . fibers 
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with small core sizes - such as core sizes below 4 (im in 
diameter. The present invention, therefore, also covers 
fibers for non-linear applications. 

5 The present invention does not limit itself to structures 
with the principal design shown in Fig. 5. It is well 
known that dispersion-compensating fibers with a depress- 
ed cladding region tend to have large bending losses. As 
a general rule, the bending losses increase when a larger 

10 core region is employed. Since the present invention in a 
main aspect relates to large core regions it would be 
advantageous to design the fiber such that bending losses 
are suppressed. The present inventors have realised that 
this is indeed possible with the type of design shown 

15 schematically in Fig. 8. The core region 800, the inner 
cladding region comprising low-index features 801, and 
the outer cladding region 803 and 804 are similar to 
those shown in Fig. 5. However, some of the innermost 
cladding air holes have been removed at positions 8 02. 

20 

This effectively creates what may be - termed a raised ou- 
ter cladding region (similar to that shown in Fig. 3 and 
denoted 308), or alternatively it may be termed an outer 

25 core region 802 if one follows the line of thought pre- 
sented by Thyagarajan et. al. in IEEE Photonics Tech- 
nology Letters, Vol. 8, no. 11, November 1996, pp. 1510- 
12. Note, however, that compared to the approach by 
Thyagarajan et al., the microstructured fiber does not 

30 need high doping levels, which are difficult to control, 
and we may even operate with much larger effective index 
contrasts . 
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Since one may in some sense view the inner core 800 and 
the inner cladding 801 as one core (which was theoreti- 
cally exploited to let honeycomb indices represent the 
core index in Fig. 6) , we approximately know the slope of 
5 the effective guided mode index of the central core 
region. Looking at Fig. 6, we realise that strong nega- 
tive group velocity dispersion will result, if the slope 
of this mode is numerically large, while the slope of a 
mode guided mainly within an outer core is numerically 
10 small. 

In designs such as that shown in Fig. 3a, the negative 
group velocity dispersion depends critically on the type 
of design. If 303 cannot be seen as capable of supporting 

15 guided mode(s), only modest dispersion may result (a 
typical result will be less than nominally 300 ps/nm/km) . 
If on the other hand 303 represents an outer core, strong 
dispersion may result (even more negative than -5000 
ps/nm/km) . It should be understood that by using the term 

20 "represent an outer core" is meant that the core may 
support a guided mode, but not necessarily does so - for 
example if no light is coupled into the core from the 
input end of the fiber. With designs such as that shown 
in Fig. 8 on the other hand, the numerical value of the 

25 dispersion may be large in both cases (and actually can 
be equally large in structures such as the one shown in 
Fig. 5) . This is because the core index may have a large 
negative slope, when it crosses the cladding index, as 
illustrated in Fig. 6. 

30 

One additional functionality is that the numerical value 
of the group velocity dispersion of micro-structured 
fibers such as shown in Fig, 8, therefore, does not de- 
pend critically on whether the outer core guides an inde- 
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pendent mode in region 802 or not - it may still affect 
the guided mode in the central core 800. It may still be 
advantageous to have an outer core capable of supporting 
a mode. This is because this will lift the effective 
5 index of the fundamental mode above the effective clad- 
ding index at the wavelength regime of strong dispersion 
and thereby reduces the bending losses. 



Fig. 9 shows the operation of a microstructured fiber 
10 with the design schematically shown in Fig. 8. Curve 901 
shows the effective core index as a function of the nor- 
malised wavelength, curve 903 shows the effective clad- 
ding index as a function of the normalised wavelength and 
curve 902 shows the effective mode-index of the fun- 
is damental mode as a function of the normalised wavelength. 
For this fiber, the refractive index of the up-doped cen- 
tral part of the inner core 800 is 1.46. The diameter of 
800 is equal to the inter-hole distance, A. The refrac- 
tive index of the background material of the rest of the 
20 fiber 8 04 is 1.45. The diameter of the inner cladding air 
holes is 0.6A. The diameter of the outer cladding air 
holes is 0.2A. Six of the innermost outer cladding holes 
were removed to create the outer core region 802 in the 
manner shown in Fig. 8. 

25 

Looking at Fig. 9, it is seen how the mode-index of the 
fundamental mode 902 has a slope similar to the mode- 
index of the cladding 903 at long normalised wavelengths. 
At normalised wavelengths near 0.45 the slope of the fun- 
30 damental mode 902 changes and approaches the slope of the 
core index 901. This gives a strong upward curvature on 
902 that correspond to numerically large negative group 
velocity dispersion of the fundamental mode 902. In this 
wavelength regime, where the fiber exhibits strong nega- 
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tive dispersion, the central and the outer core may sup- 
port modes of approximately similar effective index. 

The actual group velocity dispersion is shown in Fig. 10 
5 for a fiber such as the one described above for Fig. 9. 
Fig. 10 is for a fiber with A=3.45 pm. This corresponds 
to a central core 800 with refractive index=1.46 and di- 
ameters . 45pm. The inner cladding air holes have diameter 
2.07 pm (giving an inscribed diameter of 4.8 pin), while 
10 the outer cladding air holes have diameter 0.69 pm. The 
background refractive index is 1.45. 

In agreement with the effective index variation 902, Fig. 
10 shows strong negative group velocity dispersion, GVD, 

15 of less than -1600 ps/nm/km. Designs with larger doping 
levels show even numerically larger group velocity 
dispersion values (down to -10000 ps/nm/km) . Also the 
large negative slope on the group velocity dispersion at 
wavelengths shorter than 1.55 pm should be noticed. Such 

20 a large dispersion slope makes these fibers ideal for 
dispersion slope compensation schemes. In some instances, 
the slope of these dispersion compensation fibers may 
even be too large. However, systems having smaller slope 
(relative to the GVD- values) may be created by cascading 

25 fibers with different GVD characteristics. It is, there- 
fore, an advantage of these fibers that they may be used 
to not only compensate the dispersion but also the 
dispersion slope of virtually any system with positive 
group velocity dispersion. 

30 

In order to illustrate the good mode confinement of the 
dispersion compensating fiber designs according to the 
present invention, Fig. 11 shows the mode field distri- 
bution of the fundamental mode calculated at a wavelength 
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of 1550 nm. The fiber parameters are selected according 
to the description provided in connection with the 
illustration of the group velocity dispersion in Fig. 10. 
The field is seen to avoid the air holes in the inner 
5 cladding region, being advantageous in terms of low loss- 
es - as previously discussed. This being mainly at- 
tributed to the core region having a high-index, features 
being not in contact with the inner-cladding region. 

10 

In a preferred embodiment of the present invention, the 
outer core contains material with a higher refractive 
index than the refractive index of the background ma- 
terial in the outer cladding. An example of a fiber that. 

15 has a number of high-index features present in the outer 
core is illustrated in Fig. 12. In order to reduce fa- 
brication efforts, it may further be preferred to eli- 
minate the use of low-index features in the outer clad- 
ding. The fiber in Fig. 12, therefore, consists of a 

20 first high-index type core region 1200, a single layer of 
low-index features 1201 surrounding the core and a single 
layer of high-index features 1202 surrounding both the 
core region 1200 and the low-index features 1201. Outside 
the core region only a single background material 1203 is 

25 present - this background material being similar for the 
inner cladding region, the outer core region and the 
outer cladding region. Due to the higher refractive index 
of the features 1202 compared to the background material 
and the low-index features 1201, the ensemble of high- 

30 index features may act as a core in its own right that 
may support a propagating mode. The outer core may also 
be formed from an annular region 1204 of high refractive 
index material. The two core regions (these being the 
central core region 1200 and the ensemble of high-index 
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features 1202 or the annular region 1204) thereby are 
able to support each their different core modes. These 
core modes will be decoupled at most wavelengths and only 
couple to each other over a relatively short wavelength 
5 range. Within this short wavelength range, the mode 
distributions in the fiber will change dramatically and 
the fiber will exhibit a strong dispersion. The quali- 
tative operation of this type of fiber is schematically 
illustrated in Fig. 13. As a function of wavelength, 
10 Fig. 13a shows schematically, the effective index of a 
mode that is guided in a fiber comprising only the cen- 
tral core region 1200 and of a mode that is guided in a 
fiber comprising only the outer core 1201 (this outer 
core mode being supported by the ensemble of high-index 
15 features 1203 or the annular region 1204). The two mode 
curves are seen to cross at a normalised wavelength, 
Xcoupiing/A. Around this wavelength, the two cores will 
couple strongly to each other for a composite fiber com- 
prising both cores. At the coupling wavelength, for a 
20 fiber with a design as for example shown in Fig. 12, the 
effective indices of modes supported by the two cores 
will have a lifted degeneracy - or so-called avoided 
crossing will take place. In this manner the fiber is 
capable of guiding light in a fundamental mode corre- 
25 sponding to the curve 1303 that exhibits a strong nega- 
tive dispersion at wavelengths around A, C oupiing/A. The 
fiber may support a second mode guided indicated by the 
curve 1304, but it is not necessary that the fiber 
carries any substantial energy in the mode 1304 in order 
30 to exhibit negative dispersion in mode 1303. The fiber of 
Fig. 13b will guide light in the central core at wave- 
lengths shorter than the wavelength of strongest coupling 
(roughly equal to the coupling wavelength indicated in 
Fig. 13) and the fiber will here exhibit negative dis- 
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persion with a negative dispersion slope - this is the 
range that dispersion compensating fibers typically are 
preferred to operate in. The wavelength-axis in Fig. 13 
has been normalised with respect to pitch (for example 
5 the center-to-center spacing between two adjacent low- 
index features 1201) to indicate that the coupling wave- 
length may be changed by changing the pitch. The figure 
also indicates the index of a homogeneous cladding with a 
refractive index of around 1.444 - corresponding to pure 

10 silica being used as background material 1203. The higher 
refractive index of the core 1200 as well as of the high- 
index features 1202 compared to the background material 
1203 cause the coupling wavelength to occur in a regime 
where both the index of both core modes are above the 

15 cladding index. In this manner, the coupling - and there- 
by the strong dispersion - may be obtain while the fiber 
is not sensitive to bending losses. It is worth noticing 
that the mode indices of both core modes may be lower 
than the cladding index at long wavelengths. This is due 

20 to the low-index features 1201 having a refractive index- 
significantly below that of the cladding. The core modes 
may, however, well be guided for mode indices below the 
cladding index - as is the case for conventional one- 
material photonic crystal fibers - but the modes may in 

25 this case experience leakage losses. These leakage losses 
are typically reduced for one material photonic crystal 
fibers by having a sufficient number of low-index fea- 
tures surrounding the core region that supports a propa- 
gating mode - and the outer cladding may be micro-struc- 

30 tured as for the fiber in Fig. 8. For homogeneous outer 
cladding regions, the potential problem of leakage-loss 
at the coupling wavelength may be eliminated by the use 
of features 1202 having a higher refractive index than 
the background material 1203. It is an advantage that 
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there are different maximum refractive indices in the two 
core regions - and that the core region with the lower 
maximum refractive index has a larger special extend than 
the other core region. As an example, the inner or cen- 
5 tral core region (referred to as first core) may have a 
maximum refractive index of 1.47 and the outer core re- 
gion (referred to as second core) may have a maximum 
refractive index of 1.4 65. The first core should then be 
designed to have the smallest cross-sectional area of the 
10 two cores, whereby the index curve of the mode guided in 
the first core will have a more steep slope than the 
index curve for the mode supported by the second core. 

The magnitude of the negative group velocity dispersion 
15 depends on various things. The strength of the coupling 
between the two modes may be quantified by the field 
overlap. At ^ CO u P ung/A (where the two un-coupled modes 
cross) the splitting of the two modes will be proportion- 
al to the coupling strength. Often the coupling strength 
20 will only have weak wavelength dependence and in that 
case the wavelength-range where coupling is efficient in 
changing the modes is strongly related to the slopes of 
the two mode curves. When the slopes of the coupling mode 
curves are as different as possible, the effective wave- 
25 length-range will be small and the modes (which have a 
curved behaviour) will get the smallest possible bending 
curvature, i.e. numerically large group velocity disper- 
sion will be exhibited when the slopes are as different 
as possible. 

30 

The present inventors have realized that microstructured 
fibers with a coupled-core design may also be advan- 
■ tageous for non-linear applications, where it is desired 
to have fibers with small core and a dispersion close to 



WO 02/084350 



PCT/DK02/00245 



54 

zero over a broad wavelength range (e.g. around 1550 nm) 
- such as in the wavelength range from 1300 nm to 1700 nm 
(this is still in the regime of negative waveguide dis- 
persion) . Looking at Fig. 13, it is seen that it will be 
5 preferred to move the coupling wavelength to smaller va- 
lues of wavelength/pitch in order to reduce the fiber di- 
mensions at a given wavelength. Hence, it may be pre- 
ferred that the two core regions have a maximum refrac- 
tive index that is close to each other and that the area 
10 of the two core regions is not too different. Alter- 
natively, it is preferred that the outer core region has 
an effective refractive index close to the (effective) 
refractive index of the cladding. 

15 According to the present invention, a number of charac- 
teristics are preferred for fibers as schematically shown 
in Fig. 12: 

Core region 1200 having a maximum refractive index, N COr i. 

20 Typically, silica doped with Germanium and/or other do- 
ping materials will be used to form the core. Various 
refractive index profiles of the core may be preferred, 
but typically a profile as close to a step-index profile 
will be preferred. Hence, typically N co ,i is larger than 

25 1.444, such as preferably larger than 1.46, such as 
larger than 1.47 at wavelengths around 1550nm. 

Background material 1204 having a refractive index, N c i,2, 
that is lower than N co ,i- Typically, the background mate- 
30 rial is pure silica, having a refractive index of around 
1.444 at wavelength around 1550 nm, but silica doped with 
a doping material to lower the refractive index of N c i,i 
below 1.444 may also be preferred, such as fluorine-doped 
silica glass. 
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Low-index features 1201 having a refractive index, N c i,i, 
a diameter, d c i,i, and a center-to-center spacing between 
two adjacent low-index features, A c i,i. Typically, these 
5 low-index features are voids, hence N c i,i is around 1.0, 
but low index features formed from down-doped silica may 
also be preferred. For dispersion compensation applica- 
tions, typically the low-index features will have a di- 
ameter, d c i,i, in the range from around 0.5A c i,i to 0.9A c i,i 

10 and for non-linear fiber applications, typically, d c i,i 
will be in the range from 0.2Aci,i to 0.5A c i,i. In order to 
reduce degrading effects, such as polarisation mode dis- 
persion, PMD, it is often preferred that all low-index 
features are identical and equally spaced. Also other 

15 numbers of low-index features than 6 is covered by the 
present invention as well as more than one "ring" of low- 
index features surrounding the core region 1200. 

High-index features 1202 having a refractive index, N co , 2 , 
20 a diameter, d co , 2 , and a center-to-center spacing between 
two adjacent high-index features, A co , 2 . Typically, these 
high-index features comprise doped silica glass, hence 
N co ,2 is larger than 1.44 4 at wavelengths around 1550 run, 
but high-index features formed from pure or down-doped 
25 silica may also be preferred. For dispersion compensation 
applications, typically the high-index features will have 
N co ,2 in the range from 1.444 to 1.460 at wavelengths 
around 1550 nm and a diameter, d COt 2, in the range from 
around 0.lA CO/2 to 0.9A CO ,2 and for non-linear fiber appli- 
30 cations, typically, d co , 2 will be in the same range. 
Furthermore, in order for the ensemble of high-index fea- 
tures to support only a single-mode, it is often prefer- 
red that the size of the high-index features is smaller 
than the size of the low-index features 1201. The present 
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inventors have further found that it is an advantage that 
the refractive index profile of the high-index features 
• is as close as possible to a step-index profile in order 
for the coupling to be as dramatic as possible - and 
5 thereby the dispersion as strong as possible. In order to 
reduce degrading effects, such as polarisation mode dis- 
persion, PMD, it is often preferred that all high-index 
features are identical and equally spaced. Alternatively, 
the ensemble of high-index features in the outer core may 

10 be substituted by a homogeneous high-index annular region 
1204. Such an annular region - being either the complete 
or parts of the outer core region - may have the same 
functionality as the ensemble of high-index features. The 
width, the maximum refractive index and the index profile 

15 of the annular region are key parameters for the fiber. 
Also other numbers of high-index features than 6 is 
covered by the present invention as well as more than one 
"ring" of low-index features surrounding the core region 
1200. 

20 

In order to optimise the coupling between modes supported 
by the first core region 1200 and the second core region 
(formed from the high-index features 1202), it is often 
preferred that the high-index features are positioned 

25 such that light penetrating between two low-index fea- 
tures from the core region 1200 will experience the high- 
index features most strongly. To quantify this, it may be 
preferred that a first polygon 14 00 drawn from centres of 
high-index features and a second polygon 1401 drawn from 

30 centres of low-index features are concentric, but rotated 
with respect to each other . an angle given by 
0. 5 (Ni/360°) , where Ni is the number of low-index fea- 
tures. Hence, for a fiber with 6 low-index features (as 
in Fig. 14), the first polygon 1400 is rotated 30 degrees 
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compared to the second polygon 1401, and both polygons 
are coinciding. Alternatively, the second polygon may 
have a similar orientation as the first polygon. As sche- 
matically illustrated in Fig. 15, it may also be pre- 
5 ferred that the outer cladding region 1501 comprises a 
different material - or a material with a different 
refractive index - than the background material 1500 of 
the inner cladding and/or the outer core. 

10 It is important to notice that the above-described design 
ideas for providing microstructured optical fibers for 
dispersion and dispersion slope compensation as well as 
for non-linear applications is profoundly different from 
the ideas presented by DiGiovanni et al. in US 5 802 236, 

15 where a second core region capable of supporting a propa- 
gating mode is taught to be disadvantageous. 

To illustrate in more detail the operation and some of 
the possibilities of fibers according to the present 
20 invention, various design parameters of fibers as shown 
in Fig. 12a shall be considered next. 

Fig. 16 shows a simulation of a fiber according to the 
present invention having a design as schematically shown 

25 in Fig. 12. The fiber has the following design param- 
eters: The first core has a step-index profile with a 
maximum refractive index of 1.471 (corresponding to a 
refractive index change of 1.892% compared to pure silica 
having refractive index of 1.444 at A,=1550nm) and a back- 

30 ground material of refractive index 1.444 (pure silica). 
The inner cladding region comprises a background material 
of refractive index 1.444 and six voids of diameter 
0.5A, where, A is the center-to-centre spacing between to 
two nearest voids. The second core region comprises a 
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background material of refractive index 1,444 and six 
high-index features of refractive index 1.459 (corre- 
sponding to a raised index of 1.055% compared to pure 
silica) . The outer cladding region is homogeneous and 
5 comprises pure silica with a refractive index of 1.444. 
While the outer cladding region is homogeneous in this 
case, it may also comprise varies sub-regions for example 
for lowering bending losses. As seen from Fig. 16, the 
fiber supports a fundamental mode 1600 that has a strong- 

10 ly dispersive behaviour at normalized wavelengths, k/A, 
of around 0.36. The curve 1601 represent the effective 
index of a mode that may be supported by the second core 
and the curve 1602 represent the refractive index of the 
outer cladding region. It should be noted that it is here 

15 chosen to use a normalisation factor, A. The fibre in 
Fig. 16 will have A of around 4.3 pm for negative disper- 
sion operation of around A,=1550 nm. This provides a core 
size that is significantly larger than the core sizes 
disclosed by the previously discussed DiGiovanni et al- 

20 and Birks et al. references. Furthermore, as shall be 
demonstrated next, the negative dispersion that may be 
exhibited by fibers according to the present invention 
can be significantly larger than for the fibers disclosed 
in the above-mentioned DiGiovanni and Birks references. 

25 

For tailoring fibers according to the present invention 
for given specifications, a wide range of parameters may 
be tuned. The following figures show examples of how 
various fiber characteristics (such as dispersion, RDS 
30 and core size) may be tuned by adjusting design param- 
eters . 

The present inventors have found that the negative dis- 
persion depends strongly on the size of the inner clad- 
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ding features. Fig. 17 shows a simulation of the dis- 
persion characteristics of fibers as in Fig. 16, but with 
A ranging from 4.08 pm to 4.4 6 pm, and inner features 
being voids with a size that ranges from d/A of around 
5 0.30 to 0.65. As seen from the figure, the dispersion has 
a characteristic "dip" with a dispersion minimum (the 
strongest dispersion) and a certain width. It is worth 
noticing varying the size of the inner cladding features 
has a strong influence on the minimum dispersion values 
10 as well as the width of the "dip" whereas the wavelength 
of strongest negative dispersion is only varied slightly. 
As seen from the figure, negative dispersion that is sig- 
nificantly beyond prior art dispersion compensating fi- 
bers is feasible. 

15 

Fig. 18 shows the normalized wavelength of strongest dis- 
persion, X.*/A, as a function of size of the inner clad- 
ding features (solid curve) . The figure shows that by ad- 
justing the features size, d/A, from around 0.25 to 

20 0.70, X*/A can be varied from around 0.34 to 0.385. For 
the strongest dispersion to occur at a wavelength of 
around 1550nm, this corresponds to A varying from around 
4.03 pm to 4.50 pm (dashed curve), and d ranging from 
around 1.0 pm to 3.2 pm. These A values provide a rela- 

25 tively large separation between the high-index feature in 
the core 1200 and the air holes 1201. The distance from 
the center of the fiber to a center of an air hole 1201 
is similar to A, hence, the afore-mentioned separation 
is given by Si=A-d-d co ,i . With d/A ranging from 0.25 to 

30 0.70 and d CO/ i ranging from 0.5A to 0.8A this provides a 
separation si ranging up to 1.2 pm. For other designs 
that are within the present invention, the separation may 
be larger as may be deduced from the various examples of 
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fibers according to the present invention. A non-zero 
separation, si, provides an important technical advantage 
in terms of lowering potential losses associated with the 
air holes - as shall be discussed in further detail at a 
5 later stage. Another important feature of fibers 
according to the present invention is the relatively 
large separation between the first core 1200 and the 
second core (ensemble of high-index features 1202 or 
ring-shaped element 1204) . This separation is typically 

10 larger than A, such as larger than 4.0 pm as apparent 
from the various examples of the present application. 
Alternatively, this advantage is apparent in the rela- 
tively large diameter of the second core (the diameter 
being defined as the radial distance in the cross-section 

15 from the of the fiber to a center of the second core re- 
gion (such as for example a center of one of the second 
core features 802, 1202 or a center of the ring-shaped 
region 1204) . As apparent from the various examples of 
fibers according to the present invention, e.g. as 

20 illustrated in the various embodiments in the figures, 
this diameter is typically in the range from 10 ]im to 
20 )xm. Larger diameters may be desired for fibers 
operating in a higher-order mode - as shall be discussed 
at a later stage. It is important to notice, that the 

25 above-described separations and diameters are signifi- 
cantly larger than for fibers disclosed by Fajardo et al. 
in WO 01/98819. The above-described feature is advan- 
tageous in separating the two cores for more simple in- 
coupling (including splicing) such that light may be 

30 coupled substantially only into the first core region. 
For splicing to a standard transmission fiber (which dis- 
persion is desired to be compensated) it is an advantage 
that the second core has a diameter larger than the core 
diameter of the transmission fiber. Typical transmission 
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fibers have a core diameter of around 8 yim, and in order 
to avoid coupling into the second core at a fiber splice, 
it is an advantage that the diamater of the second core 
is larger than 8 yim (preferably larger than 10 pm) such 

5 that its overlap with the core of the transmission fiber 
is limited or negligible when the center of the first 
core of the dual core fiber is aligned to the center of 
the core of the transmission fiber. Furthermore, in order 
to lower in-coupling losses, it is desired that the first 

10 core - and importantly the high-index feature of the 
first core - has a size that is approaching the size of 
the core of the transmission fiber nor an intermediate 
fiber that has been inserted between the transmission 
fiber and the dispersion compensating fiber to provide 

15 mode adaption. In the prior art, intermediate fibers 
having a core size smaller than the transmission fiber is 
often inserted between the transmission fiber and the 
dispersion compensating fiber in order to adapt the core 
sizes. Typically, intermediate fibers may adapt cores 

20 from around 8-9 yim in diameter to cores of down to 4 pm. 
Hence, it is desirable to realize dual core dispersion 
compensating fibers with a first core having a diameter 
of around 4 yim to 8 pm and a second core diameter of 
larger than 9 yim. As apparent from the present appli- 

25 cation, such a feature is characteristic for a number of 
fibers according to the present application. 

The relatively large dimensions for the here-disclosed 
fibers provide several important technical advantageous 
30 as discussed throughout the application apart from the 
facilitated in-coupling - including relatively large MFD 
for lowering non-linear effects, lower PMD as lower 
birefringence is typically found for micro-structured 
fibers of larger dimensions and symmetric feature 
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arrangements, lower losses as larger dimensions provide 
decreased field intensity in the air holes of the first 
cladding region for light guided in the first core. One 
or more of these technical advantages may be obtained for 
5 fibers according to the present invention at the same 
time as a stronger dispersion is obtained. 

Fig. 19 shows a simulation of the value of minimum dis- 
persion (strongest negative dispersion) for a fiber ac- 

10 cording to the present invention having inner cladding 
features varying in size from d/A of around 0.25 to 0.70 
(normalized dispersion is indicated with a solid line - 
right axis) . For operation around 1550 nm, it is possible 
to vary the dispersion from around -400ps/nm/km to more 

15 than -10000 ps/nm/km (dashed curve - left axis). As pre- 
viously mentioned, such dispersion characteristics are 
significantly stronger than for any prior art optical 
fiber. 

20 As seen from Fig. 17, the width of the negative disper- 
sion "dip" depends strongly on the size of the inner 
cladding features. Generally, a larger inner features 
size results in stronger dispersion, but a more narrow 
"dip". In Fig. 20, the width, X, of the dispersion "dip" 

25 is simulated as a function of inner cladding features 
size (normalized width, OX/A, is shown by solid line 
(right axis) and for operation at X=1550 nm, the absolute 
width, □□, is shown by the dashed line (left axis)). The 
width is determined as the full-width-half-maximum (FWHM) 

30 of the numerical value of the dispersion. As seen from 
the figure, for a FWHM value of more than 30 nm, the 
fiber should be designed with feature size, d/A, of 
around 0.45 or less. 
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Fig. 21 shows a calculation of the RDS values and the 
dispersion of another fiber according to the present 
invention having d/A=0.4 and A=4.214 yua. As seen from 
5 the figure, the fiber exhibits a strong negative dis- 
persion of more than -500 ps/nm/km as well as a high RDS 
value of around 0.03 nirf 1 at a wavelength of 1550 run. 
Such a fiber is well suited for dispersion and dispersion 
slope compensation. Fig. 22 and 23 shows similar results 
10 for fibers having d/A=0.5 and d/A=0.6. 

Fig. 24 shows another example of a fiber according to the 
present invention. In this figures, the outer core is a 
homogeneous material. The figure shows the operation of 

15 the fiber, which is similar to the previously discussed 
fibers of Fig. 12. It is important to notice that the 
fibre exhibits an abrupt cut-off both of the fundamental 
mode 2400 at X/a of around 0.28, as well as of higher- 
order modes at X/a around 0.1, where a is the radius of 

20 the high-index feature in the core (the first higher- 
order mode is shown by the line 2403). This behaviour is 
also characteristic for the other types of fibers dis- 
closed in the present application. The higher-order mode 
with a cut-off of around Va=0.1 corresponds to an LPll 

25 mode that is supported by the first core. This mode will 
exhibit a strong negative dispersion around Va=0.1 that 
may be utilized for dispersion compensating applications. 
Hence, for operation at a given wavelength, the struc- 
tural dimensions of the fiber should be scale approx- 

30 imately 0.28/0.10=2.8 times larger for operation in the 
higher order mode. An operation around X/a of 0.1 corre- 
sponds to a value of around 15 pm for operation at a 
wavelength of around 1550 nm. This results in a sig- 
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nificantly larger core size compared to the core size of 
the previously discussed fibers operating in a fun- 
damental mode. Furthermore, as the cut-off of the higher- 
order mode is seen to be even more abrupt for the higher 
5 order mode compared to the fundamental mode - even 
stronger negative dispersion may be obtained. 

For the single-mode dispersion compensating fiber, 
X=1.55 pm, dictates an a-value of around 5.5 ]im, and for 

10 the higher-order mode dispersion compensating fiber, an 
a-value of around 15 yim is dictated. The present 
invention also relates to higher-order mode dispersion 
compensating fibers for other fiber designs that are 
disclosed by the present invention - dimensions must 

15 naturally be scaled and relations between design param- 
eter may changes for transfer of a design for single-mode 
dispersion compensation to higher-order mode dispersion 
compensation. 

20 Fig. 25 shows another schematic example of a dispersion 
compensating fibre according to the present invention. 
The fiber is characterized by a first core region 2500 in 
the center of the fiber, an inner cladding region (a 
first cladding region) comprising low-index features 2501 

25 and a background material 2502, a second core region 2503 
and an outer cladding region 2504 (a second cladding 
region) . The first core 2500 has a size being adapted 
such that the core makes contact with features in the 
inner cladding 2501 - this type of core has also been 

30 discussed by Fajardo et al. in WO 01/98819. The first 
core 2500 is characterized by a refractive index being 
higher than the refractive index of the features 2501 as 
well as that of the background material 2502 of the inner 
cladding. The second core 2503 that may either be 
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homogenous (as shown in Fig. 25) or it may contain a 
number of micro-structured features (as discussed pre- 
viously for example in Fig. 13). The second core com- 
prises material with a higher refractive index compared 
5 to the effective index of the inner cladding region and a 
lower refractive index compared to a maximum refractive 
index of the first core. In a preferred embodiment, the 
background material of the inner cladding region 2502 is 
identical to the refractive index of the second core 
10 2503. The material of 2502 and 2503 may in this case be 
identical such as pure silica or silica comprising one or 
more index-raising dopants, such as for example Ge. 

An important issue for dispersion compensating fibers is 
15 their bending losses. The present inventors have analysed 
a number of fibers according to the present invention and 
found an important design parameter related to the cross- 
sectional size of the second core (or the total area of 
high-index feature in the second core in the case of an 
20 ensemble of high-index features forming the second core) . 
This parameter is important for lowering bending losses 
of the fibers as shall be demonstrated using the figures 
26 and 27. Looking first at Fig. 26, the fibre is char- 
acterized by a first core with a refractive index of 

25 1.4 61 and the inner cladding region comprises six air 
holes with diameter, d. The background material of the 
inner cladding region is similar to the material of the 
outer core and it has a refractive index of 1.444 (pure 
silica) . The outer cladding comprises silica with a re- 

30 fractive index of 1.437, this may be obtain for example 
by F-doping of silica. The fiber in Fig. 2 6 has an outer 
radius of the inner cladding region labelled R and an 
outer radius of the second core labelled R x . The fiber 
has Ri/R=2 and d/R=0.37. In Fig. 26 is illustrated a sim- 
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ulation of the operation of the fiber. The figure il- 
lustrates the effective indices of various modes of the 
fiber as a function of normalized wavelength, X/2R. The 
curve 2600 represents the fundamental mode guided in the 
5 core region, the curve 2601 represent a higher order mode 
that is supported by the fiber, but not necessarily 
carries any energy, and the curve 2602 represent the 
refractive index of the outer cladding region. The figure 
shows that the curve 2600 has a strongly dispersive 

10 behaviour at normalized wavelengths around 0.9. The 
dispersive behaviour is noticeable by the "bending" of 
the curve 2600. This shows that the fiber exhibits a 
strong negative dispersion at normalized wavelengths 
around 0.9 - and the fiber may, therefore, in principle, 

15 be used for dispersion compensating applications. There 
is, however, an important issue to consider for this 
fibre. This issue relates to the index difference between 
the curves 2600 and 2602. The two curves have a relative- 
ly small difference in the wavelength regime of strongly 

20 dispersive behaviour (for this specific example the dif- 
ference is around 0.001 or less at the wavelength of 
strongest dispersion) . This small difference has the 
negative effect that the mode corresponding to curve 2600 
will not be strongly confined at the strongly dispersive 

25 regime and may experience high bending losses. 

The present inventors have realized that the potential 
problem of bending losses may be solved by careful design 
of the second core - more specifically by increasing the 
30 cross-sectional area of this region - or equivalently its 
width. As shown in Fig. 27, the present inventors have 
found that for R x /R above 2, such as around 4, the 
strongly dispersive behaviour of the curve 2700 (to be 
compared with 2600 in Fig. 26), may be lifted signifi- 
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cantly above the refractive index of the outer cladding 
2702 - thereby lowering the bending losses of the fiber. 
Hence, it is advantageous to have the outer diameter of 
the second core cladding region being more than two times 
5 larger than outer diameter of the inner cladding region 
(this diameter here being defined as 2R) , and preferably 
around 4 times larger. Naturally, as those skilled in the 
art will understand, the exact position of the strongly 
dispersive regime depends on a number of design param- 
10 eters including the refractive index of the various ma- 
terials that the fiber is composed of as well as the 
morphology of the various microstructures and regions in 
the fiber (among others, these being size, shape and 
arrangement) . 

15 

Considering next the dispersion that may be obtained for 
the fiber of Fig. 27b, Fig. 28 shows the normalized dis- 
persion (solid curve) , where the factor 2R has been used 
for normalization. Fig. 28 also shows the effective mode 

20 area (dashed curve) of the fundamental mode. As seen, the 
effective area is strongly increasing as the negative 
dispersion regime is reached (it should be noticed that 
the fiber should be operated at the short wavelength side 
of the dispersion dip) . The large increase in effective 

25 area is attributed to the fundamental mode being coupled 
to the second core at wavelengths longer than the minimum 
dispersion wavelength. 

It is at this stage worth comparing the fiber in Fig. 28, 
30 to one of the previously studied fibers with a core not 
being in contact with the inner cladding features. 
Fig. 29a shows dispersion and effective area of the fun- 
damental mode for a fiber with a design as shown in 
Fig. 12a. In Fig. 29a, a normalization factor A (center- 
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to-center hole spacing in the inner cladding region) has 
been employed. For a more direct comparison using ab- 
solute values of the design parameters, the two fibers of 
Figs. 28b and 29b may be designed for dispersion compen- 
5 sation around A,=1550 nm. Fig- 30 shows the effective area 
of the fundamental mode of the fiber of Fig. 28 (dashed 
curve 3001) and of Fig. 29b (solid curve 3000) . As ap- 
parent from the figure, both fibers may exhibit an ef- 
fective area of more than 15 \m 2 at wavelengths around 

10 1550 nm, and in fact more than 20 ]im 2 may be exhibited by 
both fibers. While this is comparable to conventional 
dispersion compensating fibers, it is significantly 
larger than for the fibers disclosed in the previously 
discussed DiGiovanni et al. and Birks et al. references. 

15 Considering next the dispersion of the fibers according 
to the present invention, Fig. 31, shows that both fibers 
may exhibit a negative dispersion around 1550 nm that is 
significantly larger than what is obtained using con- 
ventional dispersion compensation fibres as well as the 

20 fibers disclosed by Hasegawa et al. in EP 1 118 887. 
Hence, the present invention provides new dispersion com- 
pensating fibers have effective areas being comparable to 
conventional dispersion compensating fibers, but with 
significantly larger negative dispersion. 

25 

For a further comparison of fibers having a high-index 
core in direct contact with the inner cladding features 
and a high-index core being separated from the inner 
cladding, Fig. 31 shows that a stronger dispersion may be 
30 obtained in the latter case. A further important issue is 
the mode field distribution in and around the core at the 
wavelengths of negative dispersion. Looking at Fig. 28a 
and 29a, it is found that the negative dispersion occurs 
for X/2R of around 0.8 for the fiber in Fig. 28b and for 
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7JA of around 0.36 for the fiber in Fig. 29. For opera- 
tion of around 1550 nm, this yields 2R of around 1.9 (im 
and A of around 4.3 pm. Hence, the inner cladding fea- 
tures for the fiber in Fig. 29b will be positioned sub- 
5 stantially further away from the fiber center compared to 
the inner cladding features of the fiber in Fig. 28. 
Since both fibers have approximately similar effective 
area at wavelengths around 1550 nm (as shown in Fig. 30) , 
the field overlap of the guided mode with the inner clad- 

10 ding features will be substantially lower for the fiber 
in Fig. 29b compared to the fiber in Fig. 28. Generally, 
the inner cladding features are air holes and may be 
desirable to limit the amount of field in the air holes 
in order to lower potential loss mechanism attributed to 

15 the air holes (this may for example be absorption losses 
from OH content in the air holes or scattering losses 
from surface roughness of the air holes) . Also in the 
case of lowering PMD, it may be an advantage to move the 
air holes as far away from the mode field as possible, 

20 since the high index contrast between the air holes and 
the background material may result in significant polar- 
ization effects. For these reasons it may be preferred to 
have dispersion compensating fibers according to the 
present invention where the first core comprises a high- 

25 index features being isolated from the inner cladding 
features. Preferably, the first core feature has a di- 
ameter of around 0.7A or less. In other cases, however, 
it may be preferred to have as large an overlap between 
the mode field and the inner cladding features as pos- 

30 sible. This may for example be the case for tuneable dis- 
persion compensating fibers, where the material in the 
inner cladding features may be altered in one way or 
another (for example by changing the refractive index of 
the inner cladding features dynamically using non-linear 
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optical, acoustic-optical, or thermal processes, other 
mechanisms could be physical pressurizing or bending of 
the fibers) . This may be particularly interesting for 
dispersion compensating fibres according to the present 
5 invention comprising polymers in the inner cladding fea- 
tures. 

Numerous possibilities exist for obtaining the required 
dispersion compensating effect as described in the pre- 
10 vious text. In the following a number of further examples 
of fibers according to the present invention shall be 
presented. 

In Fig. 32 is schematically shown a preferred embodiment 
15 of the desired fiber. Here the cross-section of a micro- 
structured fibre for dispersion compensation is shown 
having a doped central core 3201 surrounded by an annular 
inner cladding section containing more closely placed air 
holes 3202 than those used to form the micro-structured 
2 0 outer cladding 3203. Between the inner and outer cladding 
regions, a higher effective index is obtained in an an- 
nular segment 3204, where air-holes have been removed 
(compared to the air-filling fraction of the outer clad- 
ding) . It should be noted that the closer spacing of the 
25 holes provides the desired lowering of the effective 
index, but the present type of design becomes more simple 
from a manufacturing point of view, because it indicates 
how similar effects may be obtained both through control 
of air-hole spacing and through control of their size. 

30 

Yet another example of a preferred embodiment of a fiber 
according to the invention is schematically shown in 
Fig. 33. In this embodiment, the cross-section of a 
micro-structured fibre for dispersion compensation is 
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realized by having a doped central core 3301 surrounded 
by an annular inner cladding section containing more 
closely placed air holes 3302 than those used to form the 
micro-structured outer cladding 3303. This is in ac- 
5 cordance with the example illustrated in Fig. 32. 
However, compared to previous examples, additional air 
holes have been removed in the outer core region 3303, 
hereby allowing for a higher effective refractive index. 
Comparing Fig. 32 and Fig. 33, we may formulate the dif- 

10 ferences as follows. The fibre structure presented in 
Fig. 32 has an outer annular core section formed by a 
micro-structured section (in which the air-hole spacing 
is larger than that of the outer cladding) , whereas the 
structure illustrated in Fig. 33 has an outer core region 

15 formed by a solid material. It should be noted that these 
examples only indicate some of the design possibilities 
and optimal designs according to the parameters specified 
in this invention include the possibilities that not only 
size and spacing of air holes but also background doping 

20 may be used for example using high-index features or a 
annular element having a center that coincides with the 
fiber center - as previously discussed. The outer core 
region may for example contain a number of solid, high- 
index features 3400 as illustrated in Fig. 34 - or be a 

25 homogeneous annular region 3500 with refractive index 
higher than the refractive index of the outer cladding 
background material, as illustrated in Fig. 35. 

In the examples of the invention presented so far, the 
30 microstructured outer cladding has been illustrated as 
close packed air holes placed in a background material. 
It should be stressed that other air-hole distributions 
may be used to obtain the desired optical properties. 
Examples of such placements of air holes could be in 
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rectangular-, honeycomb-, or Kagome structures. However, 
even further possibilities exist, and one preferred em- 
bodiment is schematically shown in Fig. 36, where the 
cross-section of a microstructured fiber according to the 
5 invention is shown. In this preferred embodiment the 
outer cladding is formed by air-holes 3604 placed in con- 
centric circles. The fiber has a doped central core 3601 
surrounded by an annular inner cladding section con- 
taining concentrically placed air holes 3602. Between the 

10 inner and outer claddings, the second core region 3603 is 
shown. Note that in this specific example, the second 
core region is formed by a homogeneous material (such as 
pure silica or silica doped with germanium, fluorine 
and/or other material (s) ) , but it could also be realized 

15 through a microstructured section containing low- and/or 
high-index features. 

The air holes that are used to tailor the effective re- 
fractive index do not necessarily have to be of circular 

20 cross sections. In Fig. 37, a preferred' embodiment of a 
fiber according to the invention is schematically shown. 
Fig. 37a illustrates the cross-section of a micro- 
structured fibre according to the invention, in which the 
outer cladding is formed by air-holes 3704 placed in 

25 concentric circles, and where the inner cladding is 
formed by air holes of a non-circular cross section 3702. 
As in the previously discussed embodiments of the 
invention, the fiber has a doped central core 3701 
surrounded by the annular inner cladding section. Between 

30 the inner and outer claddings, the second core region 
3703 is shown. Fig. 37b shows yet another preferred em- 
bodiment having a doped central core 3705 surrounded by 
an annular inner cladding section containing non-circular 
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air holes 37 06. Between the inner cladding and the outer 
cladding 37 08, the second core region 3707 is shown. 

To further illustrate this difference between standard 
5 fibers and micro-structured fibers, we move on to showing 
the possibility of having a mode with large negative 
dispersion in a design where one would expect this to be 
impossible using standard index analogies between micro- 
structured fibers and standard fibers, such as those 

10 shown in Figs. 1-3. We employ a central core design such 
as the one shown in Fig. 8, however, we assume the doping 
material does create a material with a refractive index 
being lower than the refractive index of silica (one 
could dope with e.g. fluorine to obtain this effect). 

15 Surrounding the inner cladding is an outer silica core, 
while the outer cladding is a micro-structured cladding 
with a small pitch. According to the standard view of the 
core regions (such as illustrated in Figs. 1-3) we, 
therefore, have an inner core with a refractive index 

20 being lower than the refractive index of the outer core. 
According to this view, the fundamental and the second 
order mode will, therefore, swap place (the fundamental 
mode will be in the outer core at short wavelengths, and 
in the inner core at long wavelengths) compared to the 

25 design suggested by Thyagarajan et al. in IEEE Photonics 
Technology Letters, Vol. 8, pp. 1510-12, 1996. This has 
detrimental effects on the performance of the fiber, 
which is the reason why Thyagarajan et al. suggested the 
higher index in the central core. 

30 

The present inventors have, however, realized that it may 
also be preferred that the central core region does not 
comprise the highest refractive index material of the 
fiber. Fig. 38 illustrates the effective core index 3802 
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(which is the honeycomb-index corresponding to the inner 
core and the inner cladding) and the cladding index 3801. 
The core index 3802 is seen to cross the cladding index 
3801 while 3802 has a large negative slope. This will 
5 make it possible to have a fundamental mode with the 
desired dispersion characteristics, provided that the 
silica regions of the outer core are sufficiently small 
to ensure that the effective mode index of the outer core 
is near the outer cladding effective refractive index. 

10 Notice, that this crossing between the core and the 
cladding indices is made possible, despite the low 
refractive index of the core region and the large holes 
in the inner cladding, by a small inter-hole distance in 
the outer cladding region, compared to the inter-hole 

15 distance in the inner cladding region (the inter-hole 
distance in the inner cladding region is three times the 
inter-hole distance in the outer cladding) . 

We now turn to a different aspect of the present 
20 invention. Micro-structured cladding structures with a 
periodically varying refractive index have the potential 
of exhibiting photonic band gaps. These are frequency 
regions where no light transmittance is allowed in the 
cladding region (see e.g. Barkou et al., Optical Fiber 
25 Communication Conference, FG5-1, pp. 117-119, 1999) . By 
employing a periodically varying refractive index it is, 
therefore, possible to obtain guidance of light within 
low index core regions. It has been shown both theoreti- 
cally (Broeng et. al., Optics Letters, Vol. 25, pp. 96- 
30 98, 2000) and experimentally (Cregan et. al., Science, 
Vol. 285, pp. 1539-1539, 1999) that this even allows 
guidance of light within a hollow core, a result that 
cannot be explained by the theories of standard optical 
fibers. Standard fibers, on the other hand, always demand 
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that the core region has the higher refractive index, 
while the cladding region has the lower refractive index. 

The present inventors have realized that one can also 
5 have a guided fundamental mode with negative group velo- 
city dispersion with effective mode-index that is below 
the effective refractive index of the cladding region. It 
is important to stress that such a mode cannot be guided 
according to standard fiber technology. 

10 

It is well-known from the theory of photonic band gap 
fibres that a mode with a mode-index below the effective 
refractive cladding index can only be guided if the 
propagation constant of the guided mode lies within a 

15 photonic band gap at the particular wavelength. It is not 
known (and not at all obvious) that it is possible to 
make a photonic band gap fibre design where a fundamental 
mode with large numerical group velocity dispersion 
exists. The present inventors have realized a way to ob- 

20 tain this. 

As with the designs described above we need a dual 
concentric core arrangement to obtain such a fundamental 
mode. Also the fundamental mode should be guided mainly 

25 in the outer core region at long wavelengths and in the 
inner core region at shorter wavelengths. As with the 
fibers described above the fundamental mode exhibits 
large negative group velocity dispersion only if the 
slope of the mode-index as a function of the wavelength 

30 differ significantly between the two modes when phase 
matching between the two potential modes occur. This is 
an analogue to the case of the preceding fibers. The core 
design, however, that may obtain this feature in photonic 
band gap guiding fibres turn out to be quite different. 
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Consider the design shown schematically in Fig. 39. The 
outer cladding consists of air holes 3904 placed on a 
periodic lattice (a honeycomb lattice in the example 
5 shown) . The holes are distributed within a background 
dielectric material 3903, such as silica. The enlarged 
air holes 3902 correspond to the inner cladding of the 
preceding designs. They act to lower the effective re- 
fractive index of the central core region at long wave- 

10 lengths so that no guided modes exist in the central core 
region at long wavelengths. At shorter wavelengths a mode 
becomes guided within a photonic band gap. This may hap- 
pen even without the central hole 3900 and the high-index 
ring 3901 being present. The purpose of 3900 and 3901 

15 will be explained later. 

In the design shown in Fig. 40 an outer, low-index core 
region is included. It is created by adding air holes 
4005 within the six innermost honeycombs. Notice that 

20 this would not act as a core in a standard fiber, since 
we have effectively lowered the effective index of the 
outer core region. In Fig. 40 the outer cladding air 
holes 4004, the background material 4003, the inner clad- 
ding air holes 4002 the high-index ring 4001 and the 

25 central air hole 4000 correspond to the ones shown in 
Fig. 39. 

In Fig. 41 is shown some effective indices that may be 
obtained in a fiber with the principal design shown in 
30 Fig. 40. The effective refractive index 4100 of the outer 
cladding lies at the top, corresponding to the fact that 
no index guided modes exist in the micro-structured 
fiber, at the wavelengths where the • fundamental mode 
exhibits numerically large negative group velocity dis- 
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persion (index-guided modes exist at shorter wavelengths, 
however, these of not shown for reasons of clarity) . 
Below 4100 are the photonic band gap edges 4101 and 4102. 
Any guided mode that is not an index guided mode must 
5 have a mode-index between the two photonic band gap 
edges, since these define the intervals that are not 
allowed to propagate in the cladding. 

A micro-structured fiber-structure such as the one shown 
10 in Fig. 39 will have a mode-index as shown by 4105. The 
purpose of the central air-hole 4000 and the ring with 
raised refractive index 4001 compared to the background 
refractive index of the outer cladding is to obtain a 
mode-index 4105 which traverses the photonic band gap 
15 bounded by 4101 and 4102 as steeply as possible. Notice 
that the mode-index enters the top of the photonic band 
gap 4101 at short wavelengths and then descends through 
the band gap as the wavelength is increased. 

20 A fiber with only the outer core region created by the 
added air-holes 4005 on the other hand will have a mode- 
index behaving as 4106. Notice that this mode-index 
enters the bottom of the photonic band gap 4102 at short 
wavelengths and then rises through the band gap as the 

25 wavelength is increased. The two types of cores therefore 
give rise to modes that traverse the photonic band gap 
quite differently. The slope of the mode-index as a 
function of the wavelength of the two modes is therefore 
quite different when they have an equal mode-index (when 

30 they are phase-matched) . 

Combining the two cores, as shown in Fig. 26 an operation 
with avoided-crossing is created similar to that referred 
to with the index-guiding designs. The fundamental mode 
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has the effective index 4103 , while the second mode (that 
need not carry any energy) has the effective index 4104. 
The curvature of 4103 corresponds to numerically large 
negative group velocity dispersion, while the curvature 
5 of 4104 corresponds to numerically large positive group 
velocity dispersion. Notice that the slope of the two 
modes 4103 and 4104 tend toward the slope of the two core 
modes 4105 and 410 6 at wavelengths differing from the 
wavelengths with numerically large group velocity dis- 

10 persion. In the wavelength region with numerically large 
group velocity dispersion the energy of the mode 4103 is 
moved from the inner core region 4 001 to the outer core 
region 4005 as the wavelength is increased. Corre- 
spondingly, the energy of the mode 4104 is moved from the 

15 outer core region 4005 to the inner core region 4001 as 
the wavelength is increased. 

The inventors have realized that a number of advantages 
exist for designs such as the one shown in Fig. 40, 

20 compared to index guiding fiber designs for group velo- 
city dispersion. It is an advantage that the negative 
slope of 4102 is larger than the negative slope of 4106. 
This acts to suppress the mode 4104 if the mode-index of 
the fundamental mode 4103 is near the photonic band gap 

25 bottom, when the fundamental mode exhibits large negative 
group velocity dispersion. 

It is a further advantage that fibers with a design sim- 
ilar to the one shown in Fig. 40 may be designed so that 
30 the positive group velocity dispersion of the mode 4104 
occurs at wavelengths where the mode-index of 4104 is 
near the upper photonic band gap edge 4101. This will act 
to suppress the fundamental mode 4103 so that the posi- 
tive group velocity dispersion of 4104 can be exploited. 
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It is therefore an advantage that micro-structured fibers 
with the design shown in Fig. 40 may be designed to 
exhibit large positive group velocity dispersion. This is 
expected to be of increasing importance as fiber systems 
5 with negative group velocity dispersion become more 
common, in order to e.g. reduce self -phase modulation in 
fiber systems. 

The present inventors have realized that it is 
advantageous to use fibers that guide light by the 
photonic band gap effect for dispersion compensating 
purposes. This may seem as a surprise to those skilled in 
the field, since fibers guiding light by the photonic 
band gap effect typically have positive dispersion. 
However, using a dual concentric core arrangement it 
becomes possible to have a fundamental super mode with 
negative group velocity dispersion. The present inventors 
have realized that dual concentric core fibers that guide 
light by the photonic band gap effect are able to have 
even larger numerical values of the group velocity dis- 
persion than the group velocity dispersion made possible 
by the prior art. 

As indicated by Fig. 41 the large values of group velo- 
25 city dispersion appear near the wavelength where 4105 
crosses 4106. Curve 4105 may be seen as the mode-index of 
the guided mode within the central core 4 001 when the 
outer core 4005 is omitted, and 4106 may correspondingly 
be seen as the mode-index of the guided mode within the 
30 outer core 4005 when the central core 4001 is omitted. 

Using dual concentric cores for group velocity dispersion 
the amount of group velocity dispersion that can be 
obtained is directly linked to the difference between the 
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group velocity of the guided modes with a mode-index 
corresponding to 4105 and 4106. This difference is maxi- 
mized when the group velocity corresponding to 4105 is 
minimized while the group velocity corresponding to 4106 
5 is maximized for a given mode-index, p/k. 

To investigate the group velocities that can be obtained 
for guided modes in silica-air fibers, a formula known 
and understood by those skilled in the art can be -ap- 
10 plied. 



15 of light, * is the mode-index, E is the electric field, 
H* is the conjugated magnetic field, n is the refractive 
index of the material at the given place, II is the 
cross-section where the mode exist, and z is the length 
direction of the fiber. Assuming as an example that the 

20 fiber consist of material with n=l (air) and n=1.45 
(silica) we can rewrite this formula as 



25 The formula shows that the group velocity of a guided 



of the modal power that propagates in silica, relative to 
the modal power that propagates in air. To be more speci- 




n 






as well as the amount 
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fic the relative amount, f silica/ of the modal power, 

Mica 

that exist in silica, ? , can be 

used to calculate the group velocity for a guided mode at 
a given mode-index, such that: 



v.- — k - 



1 + f silica ( n silica ^) 

From this formula it is seen that a guided mode with the 
lowest group velocity possible in silica/air will have 
10 all its power propagating in silica. Such a mode will 

cf 

have the group velocity xilica . 

The maximum group velocity possible corresponds to a mode 
with as much of the field as possible propagating in air. 
15 When the mode-index is less than 1 this corresponds to a 
mode with all its power propagating in air. Such a mode 

v, =cj 4*1 
has the group velocity: * , where K . When the 

mode-index is greater than 1 the maximum group velocity 

is equal to the phase-velocity of the mode such that: 

c P < 

V , = — > 1 

20 * P lk r where * 

The group velocity dispersion, GVD, of a guided mode may 
be written as: 



) 

QVD = — 
25 dX 



WO 02/084350 



PCT/DK02/00245 



82 

where X is the free space wavelength of the mode. The 
amount of group velocity that can be obtained for a given 
mode-index can therefore be qualitatively estimated by 

5 showing the inverse group velocity, Vg as a function of 

I 

the mode-index, * . Such a plot is shown in Fig. 42, 
where 4201 shows the inverse group velocity of a mode 
that propagates solely in silica, • 4202 shows a mode that 
propagates with the maximum group velocity possible. 4203 
10 is 4202 subtracted from 4201 and therefore shows the 
propagation time-difference (in pico-seconds, ps) between 
the slow 4201 and the fast 4202 mode per kilometre of 
fiber. Curve 4203 clearly indicates that the propagation 

I 

time-difference increases strongly as the mode-index, * 
15 is lowered. Since this propagation time-difference is 
also a measure of the maximum group velocity dispersion, 
GVD, that can be obtained by using coupled core regions, 
curve 4203 therefore also indicates tha.t it is advanta- 

l 

geous to have a low mode-index, * , for dispersion com- 
20 pensating purposes. Since this is possible by using 
photonic band gap technology, curve 4203 therefore shows 
that it is an advantage to use fibers that guide light by 
the photonic band gap effect for group velocity dis- 
persion. The present invention therefore also covers 
25 photonic crystal fibers with a cladding structure that 
exhibits photonic band gaps. 

It is also important to notice that the present invention 
may be utilized for fiber applications, wherein fibers 
30 according to the present invention guides light in higher 
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order modes. The dispersion of higher order mode may be 
even stronger than the dispersion of the fundamental 
mode. Apart from the negative dispersion, as a special 
case, higher order modes in fibers according to the 
5 present invention may exhibit very high positive 
dispersion. Such fibers, guiding light in a higher order 
mode, and having large positive dispersion may be used 
for dispersion compensating schemes for fiber-optical 
communication systems having a negative dispersion over 

10 the transmission length. Hence, the present invention 
also covers dispersion compensating fibers that are 
guiding light in a higher order mode. Especially, the 
present invention covers dispersion compensating fibers 
that are guiding light in a higher order mode with a 

15 large positive dispersion. Typically, it is necessary to 
employ mode converters in systems that utilize dispersion 
compensating fibers that guide light in a higher order 
mode. Finally, it should be mentioned, that for both 
single mode dispersion compensation as well as for higher 

20 order mode dispersion compensation, the dispersion 
compensating fibers are typically packed in modules, and 
the present invention also covers modules that incor- 
porate fibres being disclosed in the present invention. 

25 To fabricate fibers according to the present invention 
known techniques of stacking and pulling capillary tubes 
and rods may be used - see for example US 5, 802,236. 
Fig. 43 shows a schematic example of the cross-section of 
a preform that may be used to fabricate a fiber with a 

30 design as schematically shown in Fig. 12a. The preform 
comprises a central rod 4300 with a high-index material 
in its center. The rod may have various profiles of the 
refractive index distribution - for example a step-index 
profile or a parabolic profile - and it may preferably be 
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fabricated using MCVD techniques. Surrounding the central 
rod is, for this example, six capillary tubes 4301. The 
capillary tubes are surrounded by a number of rods - 
including rods 4302 comprising a high-index material. The 
5 stack of rods and tubes may be put into a larger over- 
cladding tube 4304 to yield a final preform. This preform 
may be drawn into fiber in one or more steps as described 
for example in US 5,802,236. 

10 In order to realise different size of voids in the first 
and the second cladding, it may be advantageous to pro- 
vide a different pressure to the tubes in the two dif- 
ferent regions during one or more steps of the fibre 
drawing process. In this manner it may for example be 

15 advantageous to supply a higher pressure to tubes that 
define larger voids and a lower pressure to tube that 
define smaller voids. Depending on the material, of the 
fiber, drawing temperatures and speeds may vary sig- 
nificantly and experiments may be needed to determine 

20 optimum drawing conditions including pressure. Alter- 
natively, the preform may be stacked with tubes of dif- 
ferent size, for example different inner diameter. If the 
preform is drawn at a relatively low temperature, such as 
around 1850 °C-1900 °C the preform may be drawn to fiber 

25 such that the tubes do not collapse. The tubes with 
smaller inner diameter will thereby result in voids of 
smaller size. Pressure control of the tubes may be 
advantageous in providing additional control of the void 
size. Various manners of applying pressure may be used. 

30 It is for example possible to draw the fiber in two 
steps, wherein a first step tubes are kept open in both 
ends and the dimensions of the preform is scaled appro- 
ximately linearly to a cane during drawing in a fiber 
drawing tower at a temperature of around 1900 °C to 
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2000 °C. The preform may have a diameter of around l-50mm 
and the cane a diameter of around l-5mm. In the second 
step, the cane may be drawn to fiber, where one or more 
regions are connectorized to a pressure-control chamber 
5 such that void size in the final fiber may be controlled. 
One way of using pressure control for realisation of 
micro-structured, fibers has for example been described by 
Russell et al. in WO 00/49436. 

10 Fig. 44 shows two microscope pictures (top and bottom il- 
lumination with white light) of a fabricated fiber ac- 
cording to the present invention having a design as sche- 
matically shown in Fig. 12a. The fibre has A of around 
4 pm and is designed to exhibit negative dispersion 

15 around 1550 nm. The figure also shows the measured dis- 
persion characteristics of the fiber (bottom figure) . The 
fiber is seen to exhibit a dispersion of around - 
1000 ps/nm/km around 1550 nm - as desirable for disper- 
sion compensating applications. The fiber further has a 

20 strong negative dispersion slope with a relative 
dispersion slope (RDS) - as desirable for dispersion 
compensation in WDM systems. The measured dispersion 
characteristic is for a mode confined to the central (or 
first) core of the fiber. The mode field diameter at 

25 1550 nm is around 4 mm, giving an effective area of 
around 15 pm 2 . Hence, the experimental results confirm 
the simulated results present in the figures 16-23. The 
core comprises a high-index features being separated from 
the inner cladding features. The core features have a 

30 refractive index profile with a maximum refractive index 
of around 1.47 and a diameter of around 0.7 times the 
center-to-center spacing of the inner cladding features. 
The fiber has six high-index features in the outer (or 
second) core that each has a refractive index profile 
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with a maximum refractive index of around 1.4 6. The six 
second core features have a* diameter similar to the first 
core feature- The features in the first and second core 
are not directly visible in the microscope picture with 
5 top illumination (right, top figure) that mainly serves' 
to show the dimensions of the inner cladding features and 
their position. However, using bottom illumination of the 
fiber and coupling white light to both the first and 
second core, the high-index features of the two cores 

10 become more visible (left, top figure) . It should briefly 
be mentioned that for operation of the dispersion com- 
pensating fibres at near-infrared wavelengths, the mode 
index of the two cores region is significantly different 
for light in the visible range (and in according with 

15 this and the description of the fibers according to the 
present invention) and the cores become largely decoupled 
at the visible where light will be more tightly confined 
to the high-index features than for the wavelengths of 
negative dispersion (wavelengths around the previously 

20 discussed coupling wavelength regime) . 

Fig. 4 5 shows another example of a real fiber according 
to the present invention. In comparison with the fiber in 
Fig. 44, the inner cladding features have a smaller size 

25 and the dispersion characteristics is seen to exhibit a 
less negative minimum, but a broader dispersion "dip". 
This result is also in agreement with the previously pre- 
sented simulation results. The fiber presented in Fig. 4 5 
has spectrally broad negative dispersion characteristics 

30 and a relatively large RDS, hence making th(~ fiber at- 
tractive for dispersion compensation of WDM systems oper- 
ating around 1550 nm. 
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Fig. 4 6 provides a schematic example of a fiber according 
to the present invention, where the ^separation between 
the first core 4600 and the second core 4602 it illu- 
strated. The separation is characterised by the distance 
5 di- 2 . The first cladding region comprises low-index 
features 4601 and the second cladding 4 602 is 
homogeneous. The figure further illustrates the refrac- 
tive index profile along one radial direction in the 
cross-section of the fiber. The index profile illustrates 

10 how the core 4 600 is not in contact with the low-index 
features 4601, but separated by a region 4604. In pre- 
ferred embodiments, this region comprises a background 
material being pure silica. The index profile further 
shows the radial distance from a center of the second 

15 core region to a center of the first core region, di-2- 
Twice this distance is also referred to as the diameter 
of the second core. Fig. 47 shows a similar illustration 
as Fig. 46, but ' for a fiber where the second core is 
formed from an ensemble of high-index features (4700) . 

20 The use of a separation between the first core and the 
low-index elements has several advantageous - as for 
example discussed in connection with Fig. 31, and the use 
of a relatively large diameter of the second core has 
several advantages as for example discussed in connection 

25 with Fig. 18. While Fig. 46 and 47 illustrates close to 
parabolic index profiles of the first and second cores, a 
broad range of other profiles may be used according to 
the present invention. 



30 
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5 CLAIMS 

1. An optical fibre for transmitting light, said optical 
fibre having an axial direction and a cross section per- 
pendicular to said axial direction, said optical fibre 
10 comprising: 

(1) a first core region comprising a first core material 
having a refractive index N co ,i/ 

15 (2) a microstructured first cladding region surrounding 
the first core region, said first cladding region compri- 
sing a first cladding material and a plurality of spaced 
apart first cladding features or elements that are elong- 
ated in the fibre axial direction and disposed in the 

20 first cladding material, said first cladding material 
having a refractive index N c i f i and each said first clad- 
ding feature or element having a refractive index being 
lower than N c i,i/ whereby a resultant geometrical index 
N ge ,ci,i of the first cladding region is lowered compared 

25 to Nca,!, 

(3) a second core region surrounding said first cladding 
region, said second core region comprising a second core 
material having a refractive index N c0 , 2 , and 

30 

(4) a second cladding region surrounding the second core 
region, said second cladding region comprising a second 
cladding material having a refractive index N c i /2 , wherein 
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the first core material, the first cladding material and 
the first cladding features, the second core material, 
and the second cladding material are selected and ar- 
ranged so that 

5 

N co ,i > N ge , c i,i, N co ,2 > N g e,ci,i/ and N CO/2 > N c i,2. 

2. The optical fibre according to claim 1 wherein the 
second cladding region is homogeneous. 

10 

3. The optical fibre according to claim 1 or 2 wherein 
the second core region is micro-structured having a plu- 
rality of spaced apart second core features or elements 
that are elongated in the fibre axial direction and 

15 disposed in the second core material, each said second 
core feature or element having refractive index, N co , 2 
being higher than a refractive index, N co ,back,2, of the 
second core material, whereby a resultant geometrical 
index N ge , C o,2 of the second core region is higher compared 

20 tO N C o,back,2- 

4 . The optical fibre according to any one of the claims 
1-3 wherein N c i, 2 is equal to or lower than N co , b ack,2. 

25 5. The optical fibre according to any one of the claims 
1-3 wherein N c i,2 is equal to or lower than N cl/1 . 

6. The optical fibre according to any one of the claims 
1, 3-5 wherein the second cladding region is micro- 
30 structured having a plurality of spaced apart second 
cladding features or elements that are elongated in the 
fibre axial direction and disposed in the second cladding 
material, each said second cladding feature or element 
having a refractive index being lower than N c i, 2 , whereby 
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a resultant geometrical index N ge/C i,2 of the second 
cladding region is lowered compared to N c i /2 . 

7 . The optical fibre according to any one of the claims 
5 1-6 wherein the first core region is a solid core region. 

8 . The optical fibre according to any one of the claims 
1-7 wherein N co ,i is larger than N co , 2 . 

10 9. The optical fibre according to any one of the claims 
1-7 wherein N co ,i is identical to N co ,2- 

10. The optical fibre according to any one of the claims 
1-7 wherein N co ,i is lower than N COf 2- 

15 

11. The optical fibre according to any one of the claims 
1,2,4-10 wherein said second core region is a homogeneous 
region. 

20 12. The optical fibre according to any one of the claims 
1,7,4-11 wherein the second core region is micro- 
structured having a plurality of spaced apart second core 
features or elements that are elongated in the fibre 
axial direction and disposed in the second core material, 

25 each said second core feature or element having a 
refractive index being lower than N co ,2/ whereby a 
resultant geometrical index N ge , C o,2 of the second core 
region is lowered compared to N co ,2f and wherein 

30 N ge/ co,2 > N ge ,cl,:U and N ge , C o,2 > Nge,cl,2- 

13. The optical fibre according to any one of claims 3-12 
wherein the second core region further comprises low 
index second core features. 
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14. The optical fibre according to any one of the 
preceding claims wherein the first cladding features or 
elements are positioned equidistantly with respect to a 
centre of the fibre. 

5 

15. The optical fibre according to claim 14 wherein the 
first cladding features or elements are of similar size. 

16. The optical fibre according to any one of the claims 
10 3-10, 12-15 wherein the second core features or elements 

are positioned equidistantly with respect to a centre of 
the fibre. 

17. The optical fibre according to claim 16 wherein the 
15 second core features are of similar size. 

18. The optical fibre according to any one of the claims 
14-17 wherein the size of the second core features is 
larger or equal to the size of the first cladding 

20 features. 

19. The optical fibre according to any one of the claims 
14-17 wherein the size of the second core features is 
smaller or larger than the size of the first cladding 

25 features. 

20. The optical fibre according to any one of the 
preceding claims wherein the optical fibre comprises 
silica glass and N co ,2 is equal to or larger than 1.444. 

30 

21. The optical fibre according to any one of the 
preceding claims wherein the number of first cladding 
features is in the range from 6 to 18. 
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22. The optical fibre according to any one of the claims 
3-10,12-21 wherein the number of second core features is 
in the range from 6 to 18. 

5 23. The optical fibre according to claim 22 wherein the 
second core features are characterized by a representa- 
tive centre-to-centre distance, A co ,2 between two adjacent 
second core features. 

10 24. The optical fibre according to claim 23 wherein the 
second core features are characterized by a cross-sec- 
tional dimension in the range from 0.2Ac O ,2 to 0.9A CO ,2- 

25. The optical fibre according to any one of the 
15 preceding claims wherein N co ,i is in the range from 1.45 
to 1.4 9, and N c i,i is in the range from 1.43 to 1.45, and 
N CO/2 is in the range from 1.44 to 1.47, and N c i,2 is in 
the range from 1.43 to 1.45. 

20 26. The optical fibre according to any one of. the claims 
1-25 wherein the first core region is micro-structured 
having one or more spaced apart first core features or 
elements that are elongated in the fibre axial direction 
and disposed in the first core material, each said first 

25 core feature having a refractive index being lower than 
N C o,i/ whereby a resultant geometrical index N ge , co ,i of the 
first core region is lowered compared to N c0 ,i, and 
wherein 

30 N ge , CO/ i > N ge , cl ,i. 

27. The optical fibre according to any one of the claims 
1-25 wherein the first core region is micro-structured 
having one of more spaced apart first core features or 
35 elements that are elongated in the fibre axial direction 
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and disposed in the first core material, each said first 
core feature or element having a refractive index being 
higher than N co ,i/ whereby a resultant geometrical index 
N ge/ co,i of the first core region is higher compared to 
5 N CO/1 . 

28. The optical fibre according to claim 27 wherein the 
optical fibre comprises one first core feature or 
element . 

10 

29. The optical fibre according to claim 2 8 wherein the 
first core feature or element is not making contact with 
the first cladding features or elements. 

15 30. The optical fibre according to claim 28 or 29 wherein 
the first core feature or element has a diameter in the 
range from 2 pm to 4 pm, such as in the range from 2.5 pm 
to 3.0 pm. 

20 31. The optical fibre according to any one of the claims 
38-30 wherein the first core feature or element has a di- 
ameter in the range from 0.5 to 0.8 times a centre-to- 
centre distance between two adjacent first cladding fea- 
tures or elements. 

25 

32. The optical fibre according to any one of the claims 
28-31 wherein the first core region has a background 
material being identical to the first cladding background 
material . 

30 

33. The optical fibre according to any one of the claims 
26-32 wherein N ge , C o,i is larger than N ge , C o,2. 

34. The optical fibre according to any one of the claims 
35 26-32 wherein Ng e ,co,i is identical to N ge/C0 , 2 . 
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35. The optical fibre according to any one of the claims 
26-32 wherein N ge ,co,i is lower than N ge , c0 ,2. 

5 36. The optical fibre according to any one of the claims 
1-35 wherein the first core material is a background 
material of the first core region, the first cladding 
material is a background material of the first cladding 
region, the second core material is a background material 
10 of the second core region, and/or the second cladding 
material is a background material of the second cladding 
region. 

37. The optical fibre according to any one of the claims 
15 1-36 wherein the first cladding region has a 

substantially annular shape in the cross section. 

38. The optical fibre according to any one of the claims 
1-37 wherein the second core region has a substantially 

20 annular shape in the cross section. 

39. The optical fibre according to any one of the claims 
1-38 wherein the second cladding region has a 
substantially annular shape in the cross section. 

25 

40. The optical fibre according to any one of the 
preceding claims wherein the fibre is dimensioned for 
transmitting or guiding light of one or more predeter- 
mined wavelengths. 

30 

41. The optical fibre according to claim 40 wherein one 
of said predetermined wavelengths is in the range from 
1.3 jxm to 1.7 jum, such as in the range of 1.5 (xm to 
1 . 62 jim. 

35 
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42. The optical fibre according to any one of the 
preceding claims wherein said first core region has a 
first inscribed core diameter, D c0/ i/ being larger than 3 
times said predetermined wavelength, such as larger than 

5 5 times said predetermined wavelength, such as larger 
than 7 times said predetermined wavelength, such as 
larger than 10 times said predetermined wavelength. 

43. The optical fibre according to any one of the 
10 preceding claims wherein said first core region has a 

first inscribed core diameter, D co ,i, in the range from 
4 pm to 25 pm, such as in the range from 4.0 pm to 
5.0 pm, such as in the range from 5.0 to 6.5 pin, such 
as in the range from 6.5 pm to 10.0 pm, such as in the 
15 range from 10.0 pm to 25.0 pm. 

44. The optical fibre according to any one of the 
preceding claims wherein said first core region has a 
varying refractive index profile, said varying refractive 

20 index profile having a highest refractive index equal to 
N C o,ir and said varying index profile being characterized 
by an a-profile, where a is in the range from 0 to 100, 
such as a equal to 2, 3 or higher. 

25 45. The optical fibre according to any one of the claims 
3-10,12-44 wherein said second core features are posi- 
tioned substantially circularly symmetric with respect to 
a centre of said first core region. 

30 46. The optical fibre according to any one of the claims 
3-10,12-45 wherein said second core features are arranged 
in a single layer surrounding said first core region, 
such that a distance from a second core feature to a 
centre of said first core region is substantially 

35 identical for all second core features. 
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47. The optical fibre according to any one of the claims 
3-10,12-46 wherein said second core features are arranged 
in two or more layers surrounding said first core region. 

5 

48. An optical fibre according to any one of the claims 
3-10,12-4 6 wherein A CO/2 is in the range from 0.2 pm to 
20 pm. 

10 49. The optical fibre according to any one of the 
preceding claims wherein said first cladding features are 
positioned substantially circularly symmetric with 
respect to a centre of said first core region. 

15 50. The optical fibre according to any one of the 
preceding claims wherein said first cladding features are 
arranged in a single layer surrounding said first core 
region, such that a distance from a first cladding 
feature to a centre of said first core region is 

20 substantially identical for all first cladding features. 

51. The optical fibre according to any one of the claims 
1-50 wherein said first cladding features are arranged in 
two or more layers surrounding said first core region. 

25 

52. The optical fibre according to any one of the 
preceding claims wherein the number of said first 
cladding features is equal to or larger than 3, such as 
equal to or larger than 6, such as equal to or larger 

30 than 8, such as equal to or larger than 18. 

53. The optical fibre according to any one of the 
preceding claims wherein said first cladding features 
have a diameter D c i,i and a centre-to-centre spacing 

35 between nearest first cladding features of A c i,i, and 
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Dci,x/Aci,i is in the range from 0.2 to 0.8, such as from 
0.4 to 0.6. 

54. The optical fibre according to claim 53 wherein D c i,i 
5 is in the range from 0.1 [m to 10 \m. 

55. The optical fibre according to claim 53 or 54 wherein 
A c3 .,i is in the range from 0.2 to 20 pm, such as from 
3.0 p to 5.0 \m. 

10 

56. The optical fibre according to any one of the claims 
3-55 wherein said second cladding features have a 
diameter D c i /2 and a centre-to-centre spacing between 
nearest second cladding features of A c i, 2 , where 

15 Dci,2/A c i,2 is in the range from 0.01 to 0.5, such as from 
0.1 to 0.2. 

57. The optical fibre according to claim 56 wherein D clf2 
is in the range from 0.1 pm to 5 pm. 

20 

58. The optical fibre according to claim 56 or 57 wherein 
Aci /2 is in the range from 0.2 pm to 20 pm. 

59. The optical fibre according to any one of the claims 
25 56-58 wherein A c i,i is larger than A c i, 2 , such as larger 

than or equal to 3A c i,2- 

60. The optical fibre according to any one of the claims 
56-58 wherein A c i,i is substantially identical to A c i,2. 

30 

61. The optical fibre according to any one of the claims 
56-58 wherein D c i,i is larger than D c i, 2 . 
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62. The optical fibre according to any one of the claims 
56-61 wherein D c i,i/Aci,i and D c i,2/Aci,2 are substantially 
identical . 

5 63. The optical fibre according to any one of the 
preceding claims wherein said optical fibre comprises one 
or more glass materials. 

64. The optical fibre according to claim 63 wherein said 
10 optical fibre comprises silica. 

65. The optical fibre according to any one of the 
preceding claims wherein said optical fibre comprises 
polymer. 

15 

66. The optical fibre according to any one of the claims 
63-65 wherein said first cladding features, second core 
features, and/or second cladding features are voids com- 
prising vacuum, air, or another gas. 

20 

67. The optical fibre according to any one of the 
preceding claims wherein said optical fibre has a non- 
circular shape of the outer cladding, such as a non- 
polygonal shape, such as an elliptical shape. 

25 

68. The optical fibre according to claim 67 wherein said 
outer shape has a predetermined orientation in the cross 
section, the predetermined orientation being determined 
from the position of said first cladding features. 

30 

69. The optical fibre according to any one of the 
preceding claims wherein said first core region has a 
non-circular shape in the cross section, such as an 
elliptical shape, providing a high birefringence in the 

35 optical fibre. 
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70. The optical fibre according to any one of the 
preceding claims wherein said first cladding region has a 
non-circular, inner shape in the cross section, such as 

5 an elliptical, inner shape, providing a high 
birefringence in the optical fibre. 

71. The optical fibre according to any one of the 
preceding claims wherein said optical fibre guides light 

10 at a predetermined wavelength in a single mode. 

72. The optical fibre according to any one of the 
preceding claims wherein said optical fibre guides light 
at a predetermined wavelength in a higher order mode. 

15 

73. The optical fiber according to any one of the 
preceding claims wherein the second core has a diameter 
larger than 10 pm, such as in the range from 10 pm to 
15 vim, such as in the range from 15 pm to 20 pm. 

20 

74. The optical fiber according to any one of the 
preceding c 4 aims wherein the first core has a. diameter 
larger than 3 pm, such as in the range from 4 pm to 8 pm, 
such as in the range from 4 pm to 6 pm. 

25 

75. The optical fiber according to any one of the 
preceding claims wherein the first core and the second 
core are separated by a distance of at least 3 pm, such 
as at least 4 pm. 

30 

76. The optical fiber according to any one of the 
preceding claims wherein the first core has a non-zero 
distance to a low-index feature of the first cladding, 
such as a distance larger than 0.5 pm, such as larger 

35 than 1. 0 pm. 
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77. The optical fiber according to any one of the 
preceding claims wherein light is propagating 
substantially in the first core. 

5 

78. The optical fiber according to any one of the 
preceding claims wherein light is coupled substantially 
to the first core. 

10 79. The optical fiber according to any one of the 
preceding claims wherein the second core has a larger 
area than the first core. 

80. The optical fiber according to any one of the 
15 preceding claims wherein the second core has an effective 

refractive index, n C0 2,eff being larger than 
(n co , a ,eff+nci,2,eff) /2 or larger than (n co ,i r eff+n c i f a , e ff ) /2, 
where n co ,i,eff is an effective refractive index of the 
first core region, n c i,i /e ff is an effective refractive 
20 index of the first cladding region, and n c i, 2 ,eff is an 
effective refractive index of the second cladding region. 

81. The optical fiber according to any one of the 
preceding claims wherein the second core has a mean or 

25 geometric refractive index, n C0 2 /g being larger than 
(n C o,i,g+n c i, 2/ g) 12 or larger than (n C0/1 , g +n c i,i f g) 12, where 
n C o,i,g is a mean or geometric refractive index of the 
first core region, nci,i,g is a mean or geometric 
refractive index of the first cladding region, and n c i, 2 , g 

30 is a mean or geometric refractive index of the second 
cladding region. 

82. The optical fibre according to any one of the 
preceding claims wherein said fibre is dimensioned to 

35 guide light in a single mode in the first core region at 
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a first wavelength, X\, being in the range from 1500 to 
1640 nm, and said optical fibre exhibits negative 
dispersion at %i. 

5 83. The optical fibre according to claim 82 wherein the 
optical fibre is dimensioned to guide light in the second 
core region for light shorter than a cut-off wavelength, 
\ c , where X c is more than 30 nm shorter than A*. 

10 

84. An article comprising a module, said module being em- 
ployed for dispersion compensation in an optical communi- 
cation system, said module comprising an optical fibre 
according to any one of the preceding claims. 

15 



85. An optical fibre for transmitting light, said optical 
fibre having an axial direction and a cross section 
2 0 perpendicular to said axial direction, said optical fibre 
comprising: 

(1) a first core region comprising a first core material 
having a refractive index N co ,i and at least one first 

25 core feature having a refractive being lower than N C0/ ia 
whereby a resultant geometrical index N ge/C o,i of the first 
core region is lowered compared to N C0/ i, 

(2) a micro-structured first cladding region, said first 
30 cladding region surrounding the first core region, and 

said first cladding region comprising a first cladding 
material and a plurality of spaced apart first cladding 
features that are elongated in the fibre axial direction 
and disposed in the first cladding material, said first 
35 cladding material having a refractive index N c i fl and each 
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said first cladding feature having a refractive index 
being lower than N c i,i, whereby a resultant geometrical 
index N ge#c i,i of the first cladding region is lowered com- 
pared to N cl ,i, 

5 

(3) a second core region, said second core region sur- 
rounding said first cladding region, and said second core 
region comprising a second core material having a re- 
fractive index N CO/2 , and 

10 

(4) a micro-structured second cladding region, said 
second cladding region surrounding the second core re- 
gion, and said second cladding region comprising* a second 
cladding material and a plurality of spaced apart second 

15 cladding features that are elongated in the fibre axial 
direction and disposed in the second cladding material, 
said second cladding material having a refractive index 
N c i,2 and each said second cladding feature having an 
refractive index being lower than N c i /2 , whereby a re- 

20 sultant geometrical index N ge , c i, 2 of the second cladding 
region is lowered compared to N c i, 2 , wherein 

the first core material, the first cladding material and 
the first cladding features, the second core material, 
25 and the second cladding material and the second cladding 
features are selected and arranged so that 

N C o,l>N g e,cl,l' N co ,2>Nge,cl,lf Nco f 2>Nge # cl,2f N ge ,co,l < Ng e ,cl,2, and 

30 the second cladding features are placed in a sub- 
stantially two dimensionally periodic structure, whereby 
the second cladding region exhibits photonic band gap 
effect. 
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86. The optical fibre according to claim 85 wherein said 
second cladding features are placed in a substantially 
two dimensional periodic structure. 

5 87. The optical fibre according to claim 85 wherein said 
second cladding features are placed in a radial periodic 
structure . 

88. The optical fibre according to any one of claims 85- 
10 87 wherein the second core has a diameter larger than 

10 pm, such as in the range from 10 pm to 15 pm, such as 
in the range from 15 pm to 20 pm. 

89. The optical fiber according to any one of claims 85- 
15 88 wherein the first core has a diameter larger than 

3 pm, such as in the range from 4 pm to 8 pm, such as in 
the range from 4 pm to 6 pm. 

90. The optical fiber according to any one of claims 85- 
20 89 wherein the first core and the second core are 

separated by a distance of at least 3 pm, such as at 
least 4 pm. 

91. The optical fiber according to any one of claims 85- 
25 90 wherein the first core has a non-zero distance to a 

low-index feature of the first cladding, such as a 
distance larger than 0.5 pm, such as larger than 1.0 pm. 

92. The optical fiber according to any one of claims 85- 
30 91 wherein light is propagating substantially in the 

first core. 



35 



93. The optical fiber according to any one of claims 85- 
92 wherein light is coupled substantially to the first 
core . 
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94. The optical fiber according to any one of claims 85- 

93 wherein the second core has a larger area than the 
first core. 

5 

95. The optical fiber according to any one of claims 85- 

94 wherein the second core has an effective refractive 
index, n co2 , e ff being larger than (n C o,i,eff+n c i;2,eff ) /2 or 
larger than (n C o,i,eff+n c i,i,eff ) /2, where n co ,i, eff is an ef- 

10 fective refractive index of the first core region, 
n c i,i,eff is an effective refractive index of the first 
cladding region, and n c i,2,eff is an effective refractive 
index of the second cladding region. 

15 96. The optical fiber according to any one of claims 85- 

95 wherein the second core has a mean or geometric 
refractive index, n c0 2,g being larger than (n C o,i,g+n c i,2,g) /2 
or larger than (n co ,i,g+n e i,i,g) /2, where n co ,i,g is a mean or 
geometric refractive index of the first core region, 

20 n cl/1 , g is a mean or geometric refractive index of the 
first cladding region, and n c i,2,g is a mean or geometric 
refractive index of the second cladding region. 

97. The optical fibre according to any one of claims 85- 
25 96 wherein said fibre is dimensioned to guide light in a 

single mode in the first core region at a first 
wavelength, X\, being in the range from 1500 to 1640 nm, 
and said optical fibre exhibits negative dispersion at 

a*. 

30 

98. The optical fibre according to claim 97 wherein the 
optical fibre is dimensioned to guide light in the second 
core region for light shorter than a cut-off wavelength, 
X c , where X c is more than 30 nm shorter than Xi. 

35 
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99. An article comprising a module, said module being em- 
ployed for dispersion compensation in an optical communi- 
cation system, said module comprising an optical fibre 

5 according to any one of the preceding claims. 

100. An optical transmission line, comprising at least: 

10 (1) a length of standard transmission fibre with a posi- 
tive dispersion and a positive dispersion slope at least, 
at a wavelength, A*, of 1550 nm, and 

(2) a length of dispersion compensating fibre, such as a 
15 length of dispersion compensating fibre spooled in a 
fibre module, 

wherein said dispersion compensating has negative dis- 
persion with a numerical value of the dispersion being 
20 larger than 500 ps/nm/km at A*. 

101. The optical transmission line according to claim 100 
wherein said dispersion compensating fibre is an optical 
fibre according to any one of the claims 1-98. 

25 

102 The optical transmission line according to claim 100 
or 101 wherein the dispersion compensating fibre has a 
relative dispersion slope of more than 0.01 nm*" 1 , such as 
more than 0.02 nm" 1 . 

30 

103. An optical fibre for transmitting or guiding light, 
said optical fibre having an axial direction and a cross 
section perpendicular to said axial direction, said opti- 
35 cal fibre comprising: 
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(1) a first core region comprising a first core material 
having a refractive index N co ,i, 

5 (2) a microstructured first cladding region surrounding 
the first core region, said first cladding region com- 
prising a first cladding material and a plurality of 
spaced apart first cladding features or elements that are 
elongated in the fibre axial direction and disposed in 
10 the first cladding material, said first cladding material 
having a refractive index N c i,i and each said first clad- 
ding feature or element having a refractive index being 
lower than N c i,i, whereby a resultant geometrical index 
N ge ,ci,i of the first cladding region is lowered compared 

15 tO N C 1,1, 

(3) a second core region surrounding said first cladding 
region, said second core region comprising a second core 
material having a refractive index N co ,2/ and 

20 

(4) a micro- structured second cladding region surrounding 
the second core region, said second cladding region com- 
prising a second cladding material and a plurality of 
spaced apart second cladding features or elements that 

25 are elongated in the fibre axial direction and disposed 
in the second cladding material, said second cladding 
material having a refractive index N c i,2 and each said 
second cladding feature or element having an refractive 
index being lower than N c i,2# whereby a resultant geome- 

30 trical index N ge ,ci,2 of the second cladding region is 
lowered compared to N c i, 2 , wherein 

the first core material, the first cladding material and 
the first cladding features or elements, the second core 
35 material, and the second cladding material and the second 
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cladding features or elements are selected and arranged 
so that 

N C o,i > N ge ,ci,:u N CO/ 2 > N ge ,ci;i/ and N CO/ 2 > N ge , c i,2- 

5 

104. An optical fibre for transmitting light, said opti- 
cal fibre having an axial direction and a cross section 
perpendicular to said axial direction, said optical fibre 
10 comprising: 

(1) a first core region comprising a first core material 
having a refractive index N co ,i, 

15 (2) a micro-structured first cladding region surrounding 
the first core region, said first cladding region 
comprising a first cladding material and a plurality of 
spaced apart first cladding features or elements that are 
elongated in the fibre axial direction and disposed in 

20 the first cladding material, said first cladding material 
having a refractive index N c i,i and each said first 
cladding feature or element having a refractive index 
being lower than N c i,i, whereby a resultant geometrical 
index N ge ,ci,i of the first cladding region is lowered 

25 compared to N c i,i, 

(3) a second core region surrounding said first cladding 
- region, said second core region comprising a second core 

material having a refractive index N co ,2r and 

30 

(4) a second cladding region surrounding the second core 
region, said second cladding region comprising a second 
cladding material having a refractive index N c i,2, wherein 
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the first core material, the first cladding material and 
the first cladding features, the second core material, 
and the second cladding material are selected and 
arranged so that 

5 

N C o,i > N ge/ ci,i/ N co ,2 > N ge ,ci,:u and N CO/2 > Nci,2- 

105. The optical fibre according to claim 103 or 104, 
wherein the second cladding region is micro-structured 

10 having a plurality of spaced apart second cladding 
features or elements that are elongated in the fibre 
axial direction and disposed in the second cladding 
material, each said second cladding feature or element 
having a refractive index being lower than N c i,2r whereby 

15 a resultant geometrical index N ge ,ci,2 of the second 
cladding region is lowered compared to N c i,2- 

106. The optical fibre according to any one of claims 
103-105 wherein the first core region is a solid core 

20 region. 

107. The optical fibre according to any one of claims 
103-106 wherein N co ,i is larger than N c0 ,2. 

25 108. The optical fibre according to any one of claims 
103-107 wherein N co ,i is identical to N co ,2- 

109. The optical fibre according to any one of claims 
103-108 wherein N CO/X is lower than N co ,2. 

30 

110. The optical fibre according to any one of claims 
103-109 wherein said second core region is a homogeneous 
region. 
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111. The optical fibre according to any one of claims 
103-110 wherein the second core region is micro-struc- 
tured having a plurality of spaced apart second core 
features or elements that are elongated in the fibre 

5 axial direction and disposed in the second core material, 
each said second core feature or element having a 
refractive index being lower than N co ,2f whereby a re- 
sultant geometrical index N ge , C o,2 of the second core re- 
gion is lowered compared to N COt 2, and wherein 

10 

Nge,co,2 > N ge ,cl,l/ and N ge ,co,2 > N ge ,cl,2- 

112. The optical fibre according to any one of claims 
103-111 wherein the second core region is micro- 

15 structured having a plurality of spaced apart second core 
features or elements that are elongated in the fibre 
axial direction and disposed in the second core material, 
each said second core feature or element having a 
refractive index being higher than N co ,2a whereby a 

20 resultant geometrical index N ge , C o,2 of the second core 
region is higher compared to N CO/2 . 

113. The optical fibre according to claim 111 or 112 
wherein N co ,i is larger than N ge , C o,2. 

25 

114. The optical fibre according to claim 111 or 112 
wherein N co ,i is identical to N ge , c0 ,2- 

115. The optical fibre according to claim 111 or 112 
30 wherein N co ,i is lower than N ge , C o,2- 

116. The optical fibre according to any one of claims 
103-115 wherein the first core region is micro-structured 
having one or more spaced apart first core features or 

35 elements that are elongated in the fibre axial direction 
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and disposed in the first core material, each said first 
core feature having a refractive index being lower than 
N co ,i/ whereby a resultant geometrical index N ge , C0/ i of the 
first core region is lowered compared to N co ,i, and 
5 wherein 

N ge ,co,l > N ge ,cl,l- 

117. The optical fibre according to any one of claims 
10 103-116 wherein the first core region is micro-structured 

having one or more spaced apart first core features or 
elements that are elongated in the fibre axial direction 
and disposed in the first core material, each said first 
core feature having a refractive index being higher than 
15 N CO/ i, whereby a resultant geometrical index N ge/C o,i of the 
first core region is higher compared to N co ,i- 

118. The optical fibre according to claim 116 or 117 
wherein N ge/C o,i is larger than N ge , C o,2- 

20 

119. The optical fibre according to claim 116 or 117 
wherein N g e /C0/ i is identical to N ge , C o,2. 

120. The optical fibre according to claim 116 or 117 
25 wherein N ge ,co,'i is lower than N ge , C o,2- 

121. The optical fibre according to any one of claims 
103-120 wherein the first core material is a background 
material of the first core region, the first cladding 

30 material is a background material of the first cladding 
region, the second core material is a background material 
of the second core region, and/or the second cladding 
material is a background material of the second cladding 
region. 

35 
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122 . The optical fibre according to any one of claims 
103-121 wherein the first cladding region has a 
substantially annular shape in the cross section. 

5 123. The optical fibre according to any one of claims 
103-122 wherein the second core region has a sub- 
stantially annular shape in the cross section. 

124. The optical fibre according to any one of the claims 
10 103-123, wherein the second cladding region has a sub- 
stantially annular shape in the cross section. 

125. The optical fibre according to any one of claims 103 
to 124 wherein the fibre is dimensioned for transmitting 

15 or guiding light of one or more predetermined wave- 
lengths . 

126 The optical fibre according to claim 125 wherein one 
of said predetermined wavelengths is in the range from 
20 1.3 pm to 1.7 pm, such as in the range of 1.5 pm to 
1 . 62 pm. 

127. The optical fibre according to any one of claims 
103-126 wherein said first core region has a first 

25 inscribed core diameter, D co ,i, being larger than 3 times 
said predetermined wavelength, such as larger than 5 
times said predetermined wavelength, such as larger than 
7 times said predetermined wavelength, such as larger 
than 10 times said predetermined wavelength. 

30 

128. The optical fibre according to any one of claims 
103-127 wherein said first core region has a first 
inscribed core diameter, D c0 ,i, in the range from 4 pm to 
25 pm, such as in the range from 4.0 pin to 5.0 pm, such 

35 as in the range from 5.0 pm to 6.5 pm, such as in the 
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range from 6.5 jam to 10.0 jam, such as in the range from 
10. 0 /am to 25.0 pm. 

129. The optical fibre according to claim 128 wherein 
5 said first core region has a varying refractive index 
profile, said varying refractive index profile having a 
highest refractive index equal to N co ,if and said varying 
index profile being characterized by an a-profile, where 
a is in the range from 0 to 100, such as a equal to 2, 3 
10 or higher. 



130. The optical fibre according to any one of claims 
111-129 wherein said second core features are positioned 
substantially circularly symmetric with respect to a 

15 centre of said first core region. 

131. The optical fibre according to any one of claims 
111-130 wherein said second core features are arranged in 
a single layer surrounding said first core region, such 

20 that a distance from a second core feature to a centre of 
said first core region is substantially identical for all 
second core features. 

132. The optical fibre according to any one of claims 
25 111-130 wherein said second core features are arranged in 

two or more layers surrounding said first core region. 



133. The optical fibre according to any one of claims 
111-132 wherein the number of said second core features 
30 is equal to or larger than 6, such as equal to or larger 
than 18. 



134. The optical fibre according to any one of claims 
1.11-133 wherein said second core features have a diameter 
35 D CO/ 2 and a center-to-center spacing between nearest 
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second core features of A co ,2/ and D CO/ 2/Aco,2 is in the 
range from 0.01 to 0.5, such as from 0.1 to 0.2. 

135. The optical fibre according to claim 134 wherein 
5 D co , 2 is in the range from 0.1 \m to 5 pirw 

136. The optical fibre according to claim 134 or 135 
wherein A co ,2 is in the range from 0.2 pin to 20 p. 

10 137. The optical fibre according to any one of claims 
103-136 wherein said first cladding features are posi- 
tioned substantially circularly symmetric with respect to 
a centre of said first core region. 

15 138. The optical fibre according to any one of claims 
103-137 wherein said first cladding features are arranged 
in a single layer surrounding said first core region, 
such that a distance from a first cladding feature to a 
centre of said first core region is substantially iden- 

20 tical for all first cladding features. 

139. The optical fibre according to any one of claims 
103-139 wherein said first cladding features are arranged 
in two or more layers surrounding said first core region. 

25 

140. The optical fibre according to any one of claims 
103-140 wherein the number of said first cladding 
features is equal to or larger than 3, such as equal to 
or larger than 6, such as equal to or larger than 8, such 

30 as equal to or larger than 18. 

141. The optical fibre according to any one of claims 
103-140 wherein said first cladding features have a di- 
ameter Dei,! and a centre-to-centre spacing between near- 
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est first cladding features of A c i,i, and D c i,i/A c i,i is in 
the range from 0.2 to 0.8, such as from 0.4 to 0.6. 

142. The optical fibre according to claim 141 wherein 
5 D c i,i is in the range from 0.1 fxm to 10 pm. 

143. The optical fibre according to claim 141 or 142 
wherein A c i,i is in the range from 0.2 jam to 20 jam. 

10 144. The optical fibre according to any one of claims 
141-143 wherein Dci,i/Aci,i is larger than D co ,2/A co ,2- 

145. The optical fibre according to any one of claims 103 
or 105-144 wherein said second cladding features have a 
15 diameter D c i,2 and a centre-to-centre spacing between 
nearest second cladding features of A c i # 2, where 
Dci,2/Aci, 2 is in the range from 0.01 to 0.5, such as from 
0.1 to 0.2. 

20 14 6. The optical fibre according to claim 145 wherein 
D c i,2 is in the range from 0.1 pi to 5 \xa. 

147. The optical fibre according to claim 145 or 146 
wherein A c i, 2 is in the range from 0.2 (Jin to 20 pm. 

25 

148. The optical fibre according to any one of claims 
145-147 wherein A c i,i is larger than A c i /2 / such as larger 
than or equal to 3A c i, 2 - 

30 149. The optical fibre according to any one of claims 
145-148 wherein A c i,i is substantially identical to A c i,2- 

150. The optical fibre according to any one of claims 
145-14 9 wherein D c i,i is larger than D c i /2 . 
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151. The optical fibre according to any one of claims 
145-150 wherein D c i,i/A c i,i and D c i /2 /A c i, 2 are substantially 
identical . 

5 152. An optical fibre according to any one of claims 103- 
151 wherein said optical fibre comprises one or more 
glass materials. 

153. An optical fibre according to claim 152 wherein said 
10 optical fibre comprises silica. 

154. An optical fibre according to any one of claims 103- 
153 wherein said optical fibre comprises polymer. 

15 155. An optical fibre according to any one of the claims 
152-154 wherein said first cladding features, second core 
features, and/or second cladding features are voids 
comprising vacuum, air, or' another gas. 

20 156. An optical fibre according to any one of claims 103- 
155 wherein said optical fibre has a non-circular shape 
of the outer cladding, such as a non-polygonal shape, 
such as an elliptical shape. 

25 157. An optical fibre according to claim 156 wherein said 
outer shape has a predetermined orientation in- the cross 
section, the predetermined orientation being determined 
from the position of said first cladding features. 

30 158. An optical fibre according to any one of claims 103- 
157 wherein said first core region has a non-circular 
shape in the cross section, such as an elliptical shape, 
providing a high birefringence in the optical fibre. 
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159. An optical fibre according to any one of claims 103- 
148 wherein said first cladding region has a non- 
circular, inner shape in the cross section, such as an 
elliptical, inner shape, providing a high birefringence 

5 in the optical fibre. 

160. An optical fibre according to any one of claims 103- 

159 wherein said optical fibre guides light at a 
predetermined wavelength in a single mode. 

10 

161. An optical fibre according to any one of claims 103- 

160 wherein said optical fibre guides light at a 
predetermined wavelength in a higher order mode. 

15 162. The optical fibre according to any one of claims 

103-161 wherein the second core has a diameter larger 

than 10 pm, such as in the range from 10 pm to 15 pm, 
such as in the range from 15 pm to 20 pm. 

20 163. The optical fiber according to any one of claims 
103-162 wherein the first core has a diameter larger than 
3 pm, such as in the range from 4 pin to 8 pm, such as in 
the range from 4 pm to 6 pm. 

25 164. The optical fiber according to any one of claims 
103-163 wherein the first core and the second core are 
separated by a distance of at least 3 pm, such as at 
least 4 pm. 

.30 165. The optical fiber according to any one of claims 
103-164 wherein the first core has a non-zero distance to 
a low-index feature of the first cladding, such as a 
distance larger than 0.5 pm, such as larger than 1.0 pm. 
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166. The optical fiber according to any one of claims 
103-165 wherein light is propagating substantially in the 
first core. 

5 167. The optical fiber according to any one of claims 
103-166 wherein light is coupled substantially to the 
first core. 

168. The optical fiber according to any one of claims 
10 103-167 wherein the second core has a larger area than 

•the first core. 

169. The optical fiber according to any one of claims 
103-168 wherein the second core has an effective refrac- 

15 tive index, n C0 2,eff being larger than (n co ,i,eff+n c i,2,eff ) 12 
or larger than (n C o,i,eff+n c i,i,eff ) /2, where n co ,i,eff is an ef- 
fective refractive index of the first core region, 
n c i,i,eff is an effective refractive index of the first 
cladding region, and n c i /2 , e ff is an effective refractive 

2 0 index of the second cladding region. 

170. The optical fiber according to any one of claims 
103-170 wherein the second core has a mean or geometric 
refractive index, n C0 2,g being larger than (n co ,i,g+n c i /2 ,g) /2 

25 or larger than (n co , i,g+n c i,i, g ) /2, where n co ,i,g is a mean or 
geometric refractive index of the first core region, 
n c i,i /g is a mean or geometric refractive index of the 
first cladding region, and n c i, 2 , g is a mean or geometric 
refractive index of the second cladding region. 

30 

171. The optical fibre according to any one of claims 
103-170 wherein said fibre is dimensioned to guide light 
in a single mode in the first core region at a first 
wavelength, X\, being in the range from' 1500 to 1640 nm, 
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and said optical fibre exhibits negative dispersion at 
X\ . 

172. The optical fibre according to claim 171 wherein the 
5 optical fibre is dimensioned to guide light in the second 
core region for light shorter than a cut-off wavelength, 
X c , where X c is more than 30 run shorter than X x . 

10 173. An article comprising a module, said module being 
employed for dispersion compensation in an optical com- 
munication system, said module comprising an optical 
fibre according to any one of the of claims 103-172. 

15 

174. An optical transmission line, comprising at least: 

(1) a length of standard transmission fibre with a posi- 
tive dispersion and a positive dispersion slope at least 

20 at a wavelength, X\, of 1550 nm, and 

(2) a length of dispersion compensating fibre, such as a 
length of dispersion compensating fibre spooled in a 
fibre module, 

25 

wherein said dispersion compensating has negative dis- 
persion with a numerical value of the dispersion being 
larger than 500 ps/nm/km at X x . 

30 175. The optical transmission line according to claim 174 
wherein said dispersion compensating fibre is an optical 
fibre according to any one of the claims 103-172. 

176. The optical transmission line according to claim 174 
35 or 175 wherein the dispersion compensating fibre has a 
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relative dispersion slope of more than 0.01 nnf 1 , such as 
more than 0,02 nnf 1 . 

177. An article comprising a module, said module being 
5 employed for dispersion compensation in an optical 
communication system, said module comprising an optical 
fibre according to any one of claims 103-172. 

10 178. An optical fibre for transmitting light, said 

optical fibre having an axial direction and a cross 

section perpendicular to said axial direction, said 
optical fibre comprising: 

15 (1) a first core region comprising a first core material 
having a refractive index N COf i and at least one first 
core feature having a refractive being lower than N co ,i, 
whereby a resultant geometrical index N ge , C o,i of the first 
core region is lowered compared to N co ,i/ 

20 

(2) a micro-structured first cladding region, said first 
cladding region surrounding the first core region, and 
said first cladding region comprising a first cladding 
material and a plurality of spaced apart first cladding 

25 features that are elongated in the fibre axial direction 
and disposed in the first cladding material, said first 
cladding material having a refractive index N c i,i and each 
said first cladding feature having a refractive index 
being lower than N c i,i, whereby a resultant geometrical 

30 index N ge ,ci,i of the first cladding region is lowered com- 
pared to N c i,i, 

(3) a second core region, said second core region sur- 
rounding said first cladding region, and said second core 
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region comprising a second core material having a re- 
fractive index N C0/ 2, and 

(4) a micro-structured second cladding region, said se- 
5 cond cladding region surrounding the second core region, 
and said second cladding region comprising a second 
cladding material and a plurality of spaced apart second 
cladding features that are elongated in the fibre axial 
direction and disposed in the second cladding material, 
10 said second cladding material having a refractive index 
N c i,2 and each said second cladding feature having an 
refractive index being lower than N c i /2 , whereby a re- 
sultant geometrical index N ge ,ci,2 of the second cladding 
region is lowered compared to N c i /2 , wherein 

15 

the first core material, the first cladding material and 
the first cladding features, the second core material, 
and the second cladding material and the second cladding 
features are selected and arranged so that 

20 

N co , i>N ge , ci, i , N co , 2>N ge , ci, i f N CO/ 2>N ge/ ci, 2 , N ge , co, i<N ge/ ci, 2 r and 

the second cladding features are placed so that the 
second cladding region exhibits photonic band gap effect. 

25 

179. The optical fibre according to claim 178 wherein the 
second core has a diameter larger than 10 pm, such as in 
the range from 10 pm to 15 pm,' such as in the range from 
15 pm to 20 pm. 

30 

180. The optical fiber according to claim 178 or 179 
wherein the first core has a diameter larger than 3 pm, 
such as in the range from 4 pm to 8 pm, such as in the 
range from 4 pm to 6 pm. 

35 
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181. The optical fiber according to any one of claims 
178-180 wherein the first core and the second core are 
separated by a distance of at least 3 pm, such as at 
least 4 pm. 

5 

182. The optical fiber according to any one of claims 
178-181 wherein the first core has a non-zero distance to 
a low-index feature of the first cladding, such as a 
distance larger than 0.5 )in\ f such as larger than 1.0 pm. 

10 

183. The optical fiber according to any one of claims 

17 8-182 wherein light is propagating substantially in the 
first core. 

15 184. The optical fiber according to any one of claims 
178-183 wherein light is coupled substantially to the 
first core. 

185. The optical fiber according to any one of claims 
20 178-184 wherein the second core has a larger area than 
the first core. 

18 6. The optical fiber according to any one of claims 
178-185 wherein the second core has an effective refrac- 

25 tive index, n co2/e ff being larger than (n CO/ i,eff+n c i /2/ eff ) /2 
or larger than (n C o,i,eff+n c i,i,eff ) /2, where. n CO/ ^ e ff is an ef- 
fective refractive index of the first core region, 
n c i,i,eff is an effective refractive index of the first 
cladding region, and n c i,2,eff is an effective refractive 

30 index of the second cladding region. 

187. The optical fiber according to any one of claims 
178-18 6 wherein the second core has a mean or geometric 
refractive index, n co2 , g being larger than (n co , i,g + n c i,2, g ) /2 
35 or larger than (n C o,i,g+n c i,i,g) /2, where n co ,i, g is a mean or 
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geometric refractive index of the first core region, 
n c i,i, g is a mean or geometric refractive index of the 
first cladding region, and n c i /2/ g is a mean or geometric 
refractive index of the second cladding region. 

5 

188. The optical fibre according to any one of claims 
178-187 wherein said fibre is dimensioned to guide light 
in a single mode in the first core region at a first 
wavelength, X\, being in the range from 1500 to 1640 nm, 

10 and said optical fibre exhibits negative dispersion at 

**. 

189. The optical fibre according to claim 188 wherein the 
optical fibre is dimensioned to guide light in the second 

15 core region for light shorter than a cut-off wavelength, 
X c , where X c is more than 30 nm shorter than A*. 

190. An article comprising a module, said module being 
20 employed for dispersion compensation in an optical com- 
munication system, said module comprising an optical 
fibre according to any one of the of claims 178-189. 

25 191. An optical transmission line, comprising at least: 

(1) a length of standard transmission fibre with a posi- 
tive dispersion- and a positive dispersion slope at least 
at a wavelength, X Xf of 1550 nm, and 

30 

(2) a length of dispersion compensating fibre, such as a 
length of dispersion compensating fibre spooled in a 
fibre module, 
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wherein said dispersion compensating has negative dis- 
persion with a numerical value of the dispersion being 
larger than 500 ps/nm/km at 

5 192. The optical transmission line according to claim 191 
wherein said dispersion compensating fibre is an optical 
fibre according to any one of the claims 178-189. 

193. The optical transmission line according to claim 190 
10 or 191 wherein the dispersion compensating fibre has a 

relative dispersion slope of more than 0.01 nirf 1 , such as 
more than 0.02 nirf 1 . 

194. An article comprising a module, said module being 
15 employed for dispersion compensation in an optical 

communication system, said module comprising an optical 
fibre according to any one of claims 178-189. 

20 195. An optical fiber having an axial direction and a 
cross section perpendicular to said axial direction, the 
optical fiber having negative dispersion in the vicinity 
of a predetermined wavelength and being employed for 
dispersion compensation; 

25 

CHARACTERIZED IN THAT; said optical fiber comprises: 

(1) a first core region being positioned substantially in 
a center of the optical fiber, the first core region 
30 comprising a first core material of refractive index, 
N C o,i; 

2) a first cladding region surrounding the first core 
region, the first cladding region comprises a multi- 
35 plicity of spaced apart first cladding features that are 
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elongated in the axial direction and disposed in the 
first cladding material, said first cladding material 
having a refractive index N c i,i; 

5 (3) a second core region surrounding the first cladding 
region, the second core region comprising a second core 
material of refractive index, N co , 2 , and the second core 
region having a substantially annular shape in the cross 
section; 

10 

(4) a second cladding region surrounding the second core 
region, the second cladding region comprising a second 
cladding material of refractive index, N c i,2f and the 
second cladding region having a substantially annular 
15 shape in the cross section. 

196. The optical fibre according to claim 195 wherein 
said predetermined wavelength is in a range from 1.3 pm 
to 1.7 pm, such as from around 1.5 pm to 1.62 pm. 

20 

197. The optical fibre according to claim 196 wherein 
N co ,i is larger than N co ,2- 

198. The optical fibre according to claim 196 wherein 
25 N COf i is identical to N co ,2. 

199. The optical fibre according to claim 196 wherein 
N co ,i is lower than N co ,2* 

30 200. The optical fibre according to any one of the claims 
195-199 wherein said first cladding region has a 
substantially annular shape in the cross section. 

201. The optical fibre according to any one of claims 
35 195-200 wherein said optical fibre has a first inscribed 
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core diameter f D co ,i> being larger than 3 times said 
predetermined wavelength, such as larger than 5 times 
said predetermined wavelength, such as larger than 7 
times said predetermined wavelength, such as larger than 
5 10 times said predetermined wavelength. 

202. The optical fibre according to any one of claims 
195-201 wherein D co ,i is in the range from 4 pm to 25 pm, 
such as in the range from 4.0 pm to 5.0 pm, such as in 

10 the range from 5.0 pm to 6.5 pm, such as in the range 
from 6.5 pm to 10.0 pm, such as in the range from 10.0 pm 
to 25.0 pm. 

203. The optical fibre according to claim 202 wherein 
15 said first core region has a varying refractive index 

profile, said varying refractive index profile having a 
highest refractive index equal to N co ,ir and said varying 
index profile being characterized by an a-profile, where 
a is in the range from 0 to 100, such as a equal to 2, 3 
20 or higher. 

204. The optical fibre according to any one of claims 
195-203 wherein said second core region is a homogeneous 
region. 

25 

205. The optical fibre according to any one of the claims 
195-203, wherein said second core region comprises a 
multiplicity of spaced apart second core features that 
are elongated in the axial direction and disposed in the 

30 second core material. 

206. The optical fibre according to claim 205 wherein 
said second core features are positioned substantially 
circularly symmetric with respect to a centre of said 

35 first core region. 
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207. The optical fibre according to any one of claims 
195-206 wherein said second core features are arranged in 
a single layer surrounding said first core region, such 

5 that a distance from a second core feature to a centre of 
said first core region is substantially identical for all 
second core features . 

208. The optical fibre according to claim 205 or 206 
10 wherein said second core features are arranged in two or 

more layers surrounding said first core region. 

209. The optical fibre according to any one of claims 
205-208 wherein the number of said second core features 

15 is equal to or larger than 6, such as equal to or larger 
than 18. 

210. The optical fibre according to any one of the claims 
205-204 wherein said second core features have a diameter 

20 D co , 2 and a center-to-center spacing between nearest 
second core features of A co , 2 / and D C o,2/A C o,2 is in the 
range from 0.01 to 0.5, such as from 0.1 to 0.2. 

211. The optical fibre according to claim 210 wherein 
25 D co , 2 is in the range from 0.1 pm to 5 pm. 

212. The optical fibre according to claim 210 or 211 
wherein A co ,2 is in the range from 0.2 pm to 20 pm. 

30 213. The optical fibre according to any one of claims 
195-212 wherein said first cladding features are posi- 
tioned substantially circularly symmetric with respect to 
a centre of said first core region. 
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214. The optical fibre according to any one of claims 
195-213 wherein said first cladding features are arranged 
in a single layer surrounding said first core region, 
such that a distance from a first cladding feature to a 

5 centre of said first core region is substantially iden- 
tical for all first cladding features. 

215. The optical fibre according to any one of claims 
195-213 wherein said first cladding features are arranged 

10 in two or more layers surrounding said first core region. 

216. The optical fibre according to any one of claims 
195-215 wherein the number of said first cladding 
features is equal to or larger than. 3, such as equal to 

15 or larger than 6, such as equal to or larger than 8, such 
as equal to or larger than 18. 

217. The optical fibre according to any one of claims 
195-216 wherein said first cladding features have a di- 

2 0 ameter Dcl,l and a center-to-center spacing between near- 
est first cladding features of A c i,i, and D c i,i/A c i,i is in 
the range from 0.2 to 0.8, such as from 0.4 to 0.6. 

218. The optical fibre according to claim 217, wherein 
25 D c i,i is in the range from 0.1 pm to 10 jam. 

"219. The optical fibre according to claim 217 or 218 
wherein A c i,i is in the range from 0.2 urn to 20 jam. 

30 220. The optical fibre according to any one of the claims 
217-219 wherein D c i,i/A c i,i is larger than D co , 2 /A C o,2 • 

221. The optical fibre according to any one of claims 
195-220 wherein said second cladding region comprises a 
35 multiplicity of spaced apart second cladding features 
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that are elongated in the axial direction and disposed in 
said second cladding material. 

222. The optical fibre according to claim 221 wherein 
5 said second cladding features have a diameter D c i /2 and a 
center-to-center spacing between nearest second cladding 
features of A c i,2, where D c i, 2 /A c i,2 is in the range from 
0.01 to 0.5, such as from 0.1 to 0.2. 

10 223. The optical fibre according to claim 222 wherein 
D c i, 2 is in the range from 0.1 pin to 5 pm. 

224. The optical fibre according to claim 222 or 223 
wherein A c i, 2 is in the range from 0.2 p to 20 \im. 

15 

225. The optical fibre according to any one of the claims 
222-224 wherein A c i,i is larger than A c i /2 / such as larger 
than or equal to 3A c i,2- 

20 226. The optical fibre according to any one of the claims 
222-225 wherein A c i, a is substantially identical to A c i, 2 - 

227. The optical fibre according to any one of the claims 
222-226 wherein D cl , a is larger than D c i /2 . 

25 

228. The optical fibre according to any one of the claims 
222-227 wherein D cl ,i/A c i, a and D c i /2 /A cl , 2 are substantially 
identical. 

30 229. The optical fibre according to any one of claims 
195-228 wherein said optical fibre comprises one or more 
glass materials. 

230. The optical fibre according to claim 229 wherein 
35 said optical fibre comprises silica. 
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231. The optical fibre according to any one of claims 
195-229 wherein said optical fibre comprises polymer. 

232. The optical fibre according to any one of the claims 
5 22 9-230 wherein said first cladding features , second core 

features , and/or second cladding features are voids com- 
prising vacuum, air, or another gas. 

233. The optical fibre according to any one of claims 
10 195-231 wherein said optical fibre has a non-circular 

shape of the outer cladding, such as a non-polygonal 
shape, such as an elliptical shape. 

234. The optical fibre according to claim 233 wherein 
15 ' said outer shape has a predetermined orientation in the 

cross section, the predetermined orientation being 
determined from the position of said first cladding 
features . 

20 235. The optical fibre according to any one of claims 
195-234 wherein said first core region has a non-circular 
shape in the cross section, such as an elliptical shape, 
providing a high birefringence in the optical fibre. 

25 236. The optical fibre according to any one of claims 
195-235 wherein said first cladding region has a non-cir- 
cular, inner shape in the cross section, such as an el- 
liptical, inner shape, providing a high birefringence in 
the optical fibre. 

30 

237. The optical fibre according to any one of claims 
195-236 wherein said optical fibre guides light at pre- 
determined wavelength in a single mode. 
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238. The optical fibre according to any one of claims 
195-237 wherein said optical fibre guides light at pre- 
determined wavelength in a higher order mode. 

5 239. The optical fibre according to any one of claims 

195-238 wherein the second core has a diameter larger 

than 10 pm, such as in the range from 10 pm to 15 pm, 
such as in the range from 15 pm to 20 P™- 

10 240. The optical fiber according to any one of claims 
195-239 wherein the first core has a diameter larger than 
3 pm, such as in the range from 4 pm to 8 pm, such as in 
the range from 4 pun to 6 pm. 

15 241. The optical fiber according to any one of claims 
195-240 wherein the first core and the second core are 
separated by a distance of at least 3 pm, such as at 
least 4 pm. 

20 242. The optical fiber according to any one of claims 
195-241 wherein the first core has a non-zero distance to 
a low-index feature of the first cladding, such as a 
distance larger than 0.5 pm, such as larger than 1.0 pm. 

25 243. The optical fiber according to any one of claims 
195-242 wherein light is propagating substantially in the 
first core. 

24 4. The optical fiber according to any one of claims 
30 195-243 wherein light is coupled substantially to the 
first core. 

245. The optical fiber according to any one of claims 
195-244 wherein the second core has a larger area than 
35 the first core. 
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24 6. The optical fiber according to any one of claims 
195-245 wherein the second core has an effective refrac- 
tive index, n C0 2,eff being larger than (n C o,i,eff + n c i,2,eff ) /2 
5 or larger than (n co ,i,eff+n c i, i, e ff ) /2, where n co ,i,eff is an ef- 
fective refractive index of the first core region, 
n c i,i,eff is an effective refractive index of the first 
cladding region, and n c i, 2/ eff is an effective refractive 
index of the second cladding region. 

10 

247. The optical fiber according to any one of claims 
195-24 6 wherein the second core has a mean or geometric 
refractive index, n c0 2, g being larger than (n co ,:L,g+n c ;i.,2,g) /2 
or larger than (n C o,i,g+n c i,i, g ) /2, where n CO/ i /g is a mean or 
15 geometric refractive index of the first core region, 
n c i f i /g is a mean or geometric refractive index of the 
first cladding region, and n c i /2/ g is a mean or geometric 
refractive index of the second cladding region. 

20 248. The optical fibre according to any one of claims 
195-247 wherein said fibre is dimensioned to guide light 
in a single mode in the first core region at a first 
wavelength, X\ f being in the range from 1500 to 1640 rim, 
and said optical fibre exhibits negative dispersion at 

25 7^1 . 

24 9. The optical fibre according to claim 248 wherein the 
optical fibre is dimensioned to guide light in the second 
core region for light shorter than a cut-off wavelength, 
30 X c , where X c is more than 30 nm shorter than Xi. 

250. An article comprising a module, said module being 
employed for dispersion compensation in an optical com- 
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munication system, said module comprising an optical 
fibre according to any one of the of claims 195-24 9. 

5 251. An optical transmission line, comprising at least: 

(1) a length of standard transmission fibre with a posi- 
tive dispersion and a positive dispersion slope at least 
at a wavelength, X lf of 1550 run, and 

10 

(2) a length of dispersion compensating fibre, such as a 
length of dispersion compensating fibre spooled in a 
fibre module, 

15 wherein said dispersion compensating has negative dis- 
persion with a numerical value of the dispersion being 
larger than 500 ps/nm/km at A*. 

252. The optical transmission line according to claim 151 
20 wherein said dispersion compensating fibre is an optical 

fibre according to any one of the claims 195-249. 

253. The optical transmission line according to claim 251 
or 252 wherein the dispersion compensating fibre has a 

25 relative dispersion slope of more than 0.01 nm" 1 , such as 
more than 0.02 nm" 1 . 

254 . An article comprising a module, said module being 
employed for dispersion compensation in an optical 

30 communication system, said module comprising an optical 
fibre according to any one of claims 195-249. 
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